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ୈ1ষ
ং࿦
1.1 ݚڀഎܠ
ίϯϐϡʔλάϥϑΟΫε (CG)ʹ͓͍ͯɼࣗવݱ৅Λ࠶ݱ͢Δ͜ͱ͸ॏཁͳςʔϚͱͳͬ
͍ͯΔɽಛʹɼਫ΍ԌɼԎͷΑ͏ͳมܗɾӡಈΛ൐͏ݱ৅ͷCGΞχϝʔγϣϯ͸ɼөը΍
ήʔϜͳͲͷө૾දݱͷ෼໺ʹ͓͍ͯɼࠓ΍͔ܽͤͳ͍΋ͷͱͳ͍ͬͯΔɽैདྷɼͦΕΒͷ
ΞχϝʔγϣϯΛͭ͘Δʹ͸ඇৗʹෳࡶͰࠔ೉ͳ࡞ۀ͕ඞཁͱ͞Εɼख़࿅ͷΫϦΤʔλͷٕ
ज़ͱܦݧʹґଘ͍ͯͨ͠ɽ͔͠͠ɼۙ೥Ͱ͸͜ΕΒͷΞχϝʔγϣϯ͸ɼ෺ཧ๏ଇʹج͍ͮ
ͨγϛϡϨʔγϣϯ (ҎԼɼ෺ཧγϛϡϨʔγϣϯ)Λ༻͍ͯ࡞ΒΕΔΑ͏ʹͳ͖͍ͬͯͯ
Δɽ෺ཧγϛϡϨʔγϣϯ͸ɼର৅ͱ͢Δ෺ཧݱ৅ͷӡಈํఔࣜΛίϯϐϡʔλͰܭࢉ͠ɼ
ܭࢉ݁Ռ͔Β෺ମͷӡಈͷ༷ࢠΛίϯϐϡʔλ্Ͱ࠶ݱ͢Δํ๏Ͱ͋Δɽ෺ཧγϛϡϨʔ
γϣϯΛ༻͍Δ͜ͱͰɼख़࿅ٕͨ͠ज़΍ܦݧ͕ͳ͍ΫϦΤʔλͰ΋ɼΑΓϦΞϧͳࣗવݱ৅
ͷΞχϝʔγϣϯΛ؆୯ʹ࡞Δ͜ͱ͕ՄೳͱͳΔɽ
CGΞχϝʔγϣϯͷର৅ͱͳΔ΋ͷͱͯ͠ɼ೪౔΍νϡʔΠϯΨϜɼύϯੜ஍ͱ͍ͬͨ
஄઼ੑମͱݺ͹ΕΔ෺࣭͕͋Δɽ஄઼ੑମ͸ɼมܗͷ౓߹͍ʹΑͬͯ஄ੑมܗ͔Β઼ੑมܗ
΁มԽ͢Δͱ͍͏ಛ௃͕͋Δɽ෺ੑ஋ʢϠϯά཰΍ϙΞιϯൺͳͲʣʹΑͬͯมܗͷ࢓ํ͕
มԽ͠ɼ߱෬఺ʹΑͬͯ஄ੑมܗ͔Β઼ੑมܗ΁ͷભҠ͢Δมܗྔ͕ܾ·Δɽ͜͜Ͱɼ஄ੑ
มܗͱ͸มܗޙʹݩͷܗঢ়ʹ໭Δมܗͷ͜ͱͰ͋Γɼ઼ੑมܗͱ͸มܗޙݩͷܗঢ়ʹ໭Βͳ
͍มܗͷ͜ͱͰɼ͜ͷ 2छྨͷมܗΛซͤ࣋ͭมܗͷ͜ͱΛ஄઼ੑมܗͱ͍͏ɽ஄઼ੑମ͸
஄ੑมܗͱ઼ੑมܗͷ 2ͭͷมܗ͕มܗ౓߹͍ʹΑͬͯෳࡶʹ෼෍͢ΔͨΊɼΫϦΤʔλ͕
࡞Γग़͢ʹ͸ΑΓߴ౓ͳٕज़͕ඞཁͰ͋Δɽ
஄઼ੑମͷΑ͏ʹෳࡶͳมܗΛ͢Δ෺ମͷӡಈܭࢉʹ͸༗ݶཁૉ๏͕Α͘༻͍ΒΕΔɽ༗
ݶཁૉ๏Ͱ͸ɼਤ 1.1ͷΑ͏ͳϝογϡߏ଄Λ༻͍ͯ෺ମΛ཭ࢄԽ͢Δɽϝογϡߏ଄͸ܭ
ࢉ఺ͱͳΔ௖఺ͱɼͦͷ֤௖఺Λ݁ͿΤοδɼ໘ɼ࢛໘ମͰߏ੒͞ΕΔɽϝογϡߏ଄Λ༻
͍Δ͜ͱͰɼ֤௖఺ͷ݁߹ؔ܎͕ΤοδʹΑͬͯఆٛ͞Ε෺ମߏ଄Λ҆ఆͯ͠อ࣋͢Δ͜ͱ
͕Ͱ͖Δɽ͔͠͠ɼมܗʹΑͬͯ௖఺ಉ࢜ͷ݁߹ؔ܎͕มԽͨ͠৔߹ɼϝογϡߏ଄Λ࠶ߏ
੒͢Δඞཁ͕͋Δɽಛʹɼϝογϡߏ଄͕ࡉ͔͍৔߹΍ෳࡶͳมܗΛ͍ͯ͠Δ৔߹Ͱ͸ɼ࠶
ߏ੒͕සൟʹൃੜ͠ɼܭࢉίετ͕૿େͯ͠͠·͏ͱ͍͏໰୊͕͋Δɽ
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ਤ 1.1: ϝογϡߏ଄Λ༻͍ͨ཭ࢄԽ [20]
෺ମΛ཭ࢄԽ͢Δผͷํ๏ͱͯ͠ύʔςΟΫϧ๏͕͋ΔɽύʔςΟΫϧ๏͸෺ମΛখ͞ͳ
ύʔςΟΫϧͷू߹ͱΈͳ͠ɼ֤ύʔςΟΫϧ͝ͱʹӡಈܭࢉΛߦ͏͜ͱͰ෺ମͷӡಈΛද
ݱ͢Δͱ͍͏ํ๏Ͱ͋Δ (ਤ 1.2(a))ɽύʔςΟΫϧ๏Ͱ͸ɼύʔςΟΫϧؒʹ઀ଓؔ܎͕ͳ
͍ͨΊɼϝογϡߏ଄Ͱ໰୊ͱͳ͍ͬͯͨ࠶ߏ੒Λߦ͏ඞཁ͕ͳ͘ͳΓɼ෼཭ɾ݁߹ͷΑ͏
ͳݱ৅΋࠶ݱ͢Δ͜ͱ͕ՄೳͱͳΔɽ͔͠͠ɼύʔςΟΫϧ๏ͷΈΛ༻͍ͯγϛϡϨʔγϣ
ϯΛߦͬͨ৔߹ɼมܗঢ়ଶʹΑͬͯθϩΤωϧΪʔϞʔυͱݺ͹ΕΔঢ়ଶʹͳΓ΍͘͢ܭࢉ
͕ෆ҆ఆʹͳΔͱ͍͏໰୊఺͕͋Δɽ
(a) ύʔςΟΫϧ๏ (b) άϦου๏
ਤ 1.2: ཭ࢄԽํ๏
ۙ೥Ͱ͸ɼύʔςΟΫϧͷΈΛ༻͍ͨ৔߹ͷܭࢉͷෆ҆ఆԽΛ๷͙ͨΊʹύʔςΟΫϧͱ
άϦου๏Λ૊Έ߹Θͤͯܭࢉ͢Δํ๏͕੝Μʹݚڀ͞Ε͍ͯΔɽάϦου๏ͱ͸ɼγϛϡ
Ϩʔγϣϯۭؒ಺ʹ֨ࢠঢ়ʹఆ఺ͱͯ͠ܭࢉ఺Λ഑ஔ͠ɼ֤ܭࢉ఺ʹ͓͍ͯӡಈܭࢉΛ͢Δ
͜ͱͰγϛϡϨʔγϣϯۭؒશମʹ͓͚Δ෺ମͷӡಈͷ༷ࢠΛٻΊΔख๏Ͱ͋Δ (ਤ 1.2(b))ɽ
ύʔςΟΫϧ͚ͩͰ͸ෆ҆ఆʹͳͬͯ͠·͏มܗܭࢉΛɼάϦου๏Λ༻͍ͯܭࢉ͢Δ͜ͱ
Ͱෆ҆ఆʹͳΔ͜ͱΛ๷͙͜ͱ͕Ͱ͖ΔɽมܗܭࢉΛߦ͏ܭࢉ఺ͷҐஔΛɼύʔςΟΫϧ͔
Β֨ࢠঢ়ͷఆ఺ʹͣΒ͢͜ͱͰɼύʔςΟΫϧಉ࢜ͷҐஔؔ܎ʹΑͬͯෆ҆ఆʹͳΔ໰୊͕
ղܾͰ͖Δɽ͔͠͠ɼάϦουΛ༻͍Δ͜ͱʹͳΔͨΊɼܭࢉۭؒͷେ͖͞ʹΑͬͯܭࢉί
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ετ͕૿େͯ͠͠·͍ɼ·ۭͨؒͷ֦ுੑ΍࣮૷ͷγϯϓϧ͞ͱ͍ͬͨύʔςΟΫϧ๏ͷಛ
௃΋ࣦΘΕͯ͠·͏ɽ
1.2 ݚڀͷ໨త
ຊݚڀͰ͸άϦουͷ୅ΘΓʹԠྗܭࢉ఺ͱͯ͠ SlaveύʔςΟΫϧΛ༻͍Δ͜ͱͰɼܭ
ࢉۭؒʹ੍ݶͷͳ͍҆ఆͨ͠ܭࢉख๏ΛఏҊ͢ΔɽఏҊख๏Ͱ͸ɼ෺࣭Λදݱ͢ΔύʔςΟ
Ϋϧͱ͸ผʹܭࢉ༻ͷύʔςΟΫϧΛ༻ҙ͠ɼάϦουΛ༻͍Δͷͱಉ͡Α͏ʹܭࢉ఺Λͣ
Β͢͜ͱͰɼύʔςΟΫϧͷΈͰ΋҆ఆͯ͠ܭࢉ͢Δ͜ͱ͕ՄೳʹͳΔɽ͜ΕʹΑΓɼ෺࣭
Λදݱ͢ΔύʔςΟΫϧͷΈΛ༻͍ͨैདྷख๏Ͱ͸࣮ݱ͞Εͯͳ͍෯޿͍஄઼ੑมܗදݱΛ
Մೳʹ͠ɼάϦουΛ༻͍ͳ͍͜ͱͰܭࢉۭؒͷ֦ுੑ΋อূ͢Δɽ
1.3 ຊ࿦จͷߏ੒
ຊ࿦จ͸ɼશ 5ষ͔Βߏ੒͞ΕΔɽୈ 1ষͰ͸ɼং࿦ͱͯ͠ݚڀͷഎܠͱຊݚڀͷ໨తΛ
ࣔͨ͠ɽୈ 2ষͰ͸ɼݱঢ়ͷ஄઼ੑମʹؔ͢Δؔ࿈ݚڀͱԠྗܭࢉ఺Λ༻͍ͨख๏ʹؔ͢Δ
ؔ࿈ݚڀʹ͍ͭͯड़΂Δɽୈ 3ষͰ͸ɼఏҊख๏ͱͦͷ࣮૷ํ๏ʹ͍ͭͯड़΂Δɽୈ 4ষͰ
͸ɼఏҊख๏Λ༻͍࣮ͯݧΛߦͬͨ݁ՌΛࣔ͢ɽ࠷ऴతʹୈ 5ষʹ͓͍ͯɼ݁࿦ͱͯ͠ಘΒ
Εͨ݁Ռʹର͢Δߟ࡯ͱࠓޙͷల։ʹ͍ͭͯड़΂Δɽ
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ୈ2ষ
ؔ࿈ݚڀ
2.1 ஄઼ੑମʹؔ͢Δؔ࿈ݚڀ
ίϯϐϡʔλάϥϑΟοΫε෼໺ʹ͓͚Δ஄઼ੑମʹؔ͢Δॳظͷݚڀͱͯ͠͸Terzopoulos
Β [18]ͷݚڀ΍TerzopoulosͱFleischer[17]ͷݚڀ͕͋Γɼݱࡏ·Ͱ஄઼ੑମʹ͍ͭͯͷݚ
ڀ͸੝ΜʹߦΘΕ͖͍ͯͯΔɽO’BrienΒ [12]͸ϝογϡ๏Ͱߗ͘ࡅ͚ΔΑ͏ͳഁࡅදݱ͔
ΒԆੑͷ͋Δ઼ੑମ͕ઍ੾ΕΔΑ͏ͳදݱ·Ͱ౷Ұతʹѻ͑Δख๏ΛఏҊ͍ͯ͠Δɽ·ͨɼ
PaulyΒ [13]͸ύʔςΟΫϧ๏Λ༻͍ͯɼਤ 2.1ʹࣔ͢Α͏ͳ઼ੑମΛ༻͍ͯഁࡅදݱΛߦ
͏ख๏ΛఏҊ͍ͯ͠Δɽ͜ΕΒͷઌߦݚڀ͸߶ମ͔Β઼ੑମͷഁࡅදݱΛର৅ͱ͍ͯ͠Δͨ
Ίɼ஄ੑମදݱ͸ର৅ͱ͍ͯ͠ͳ͍ɽ
ਤ 2.1: ઼ੑମͷഁࡅදݱ [13]
஄઼ੑମγϛϡϨʔγϣϯͱͯ͠͸ɼIrvingΒ [7]͕༗ݶཁૉ๏Λ༻͍ͯ஄ੑมܗ͔Β઼
ੑมܗ·ͰදݱͰ͖Δख๏ΛఏҊ͍ͯ͠Δɽϝογϡ๏ͷ৔߹͸༗ݶཁૉ๏Λ༻͍Δ͜ͱͰɼ
෯޿͍දݱΛ҆ఆͯ͠γϛϡϨʔγϣϯ͢Δ͜ͱ͕Ͱ͖Δɽ͔͠͠ɼมܗʹΑͬͯϝογϡ
ߏ଄Λม͑ͳ͚Ε͹ͳΒͳ͍ͱ͍͏໰୊఺͕͋ΔɽBargteilΒ [1]͸มܗʹΑͬͯϝογϡ
͕աີʹͳͬͯ͠·͏໰୊Λϝογϡߏ଄ͷ࠶ߏ੒ʹΑͬͯղܾ͍ͯ͠Δ͕ɼ෺ମͷ෼྾ɾ
݁߹දݱ͸Ͱ͖͍ͯͳ͍ (ਤ 2.2)ɽ͜Εʹରͯ͠WickeΒ [20]͸෼྾දݱ΋Մೳͳख๏Λఏ
Ҋ͍ͯ͠Δ͕ɼ݁߹දݱ͸Ͱ͖͍ͯͳ͍ɽ·ͨɼMu¨llerΒ [10]͸෺ମ಺෦ͷମੵͱද໘Ґ
ஔͱ͍͏ 2छྨͷ৘ใΛ༻͍ͯ஄઼ੑମදݱΛߦ͏ख๏ΛఏҊ͍ͯ͠Δɽ͜ͷख๏Ͱ͸Ґ૬
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ਤ 2.2: ϝογϡΛ༻͍ͨ೪઼ੑମγϛϡϨʔγϣϯ [1]Ͱ৳ͼ͸ѻ͑Δ͕෼཭΍݁߹͸ѻ
͑ͳ͍
زԿ͕อͨΕ͍ͯΔมܗ͸҆ఆͯ͠ܭࢉͰ͖Δ͕ɼ1ͭͷ෺ମ͕ 2ͭʹ෼྾͢ΔͳͲͱ͍ͬ
ͨมܗ͸දݱͰ͖ͳ͍ɽ
ύʔςΟΫϧ๏Λ༻͍ͨ৔߹ɼύʔςΟΫϧಉ࢜͸઀ଓؔ܎Λ΋ͨͳ͍ͨΊɼ෼཭΍݁߹
ͱ͍ͬͨߏ଄มԽΛಛผͳॲཧͳ͠Ͱѻ͏͜ͱ͕Ͱ͖ΔɽҰํͰɼܭࢉΛہॴతʹߦ͏ͨΊ
ʹγϛϡϨʔγϣϯ͕ෆ҆ఆʹͳΓ΍͘͢ɼͦͷͨΊɼ෯޿͍දݱΛ҆ఆͯ͠ܭࢉ͢Δ͜ͱ
͸೉͍͠ɽJonesΒ [9]͸஄ੑมܗͱ઼ੑมܗΛͦΕͧΕผͷܭࢉۭؒͰܭࢉΛ͓͜ͳ͏͜ͱ
ͰɼύʔςΟΫϧ๏Ͱ҆ఆͨ͠஄઼ੑମγϛϡϨʔγϣϯΛ࣮ݱͨ͠ɽ͔͠͠ɼ઼ੑมܗʹ
ΑͬͯҐ૬زԿ͕อͨΕͳ͍มܗ͸දݱ͸೉͍͠ɽ·ͨɼGerszewskiΒ [5]͸ύʔςΟΫϧ
๏Ͱ෼྾ɾ݁߹දݱ͕Մೳͳख๏ΛఏҊ͍ͯ͠Δ͕ɼมܗྔʹΑͬͯ஄ੑมܗ͔Β઼ੑมܗ
ʹભҠ͢Δख๏Ͱ͋ΔͨΊɼ΍ΘΒ͔͍஄ੑମ͕දݱͰ͖ͳ͍ɽZhouΒ [23]͸มܗܭࢉΛ
ӄతʹߦ͏͜ͱͰɼύʔςΟΫϧ๏ͷΈͰ҆ఆ͔ͭ෯޿͍஄ੑମදݱΛ࣮ݱ͕ͨ͠ɼਤ 2.3
ʹࣔ͢Α͏ͳҰఆͷମੵΛ࣋ͭ෺ମʹ͍ͭͯ͸γϛϡϨʔγϣϯͰ͖Δ͕ɼബ͍෺ମ΍ͻ΋
ͷΑ͏ͳࡉ͍෺ମͳͲҰఆͷମੵΛ࣋ͨͳ͍෺ମ͸γϛϡϨʔγϣϯͰ͖ͳ͍ɽ
ਤ 2.3: ύʔςΟΫϧʹΑΔ஄઼ੑมܗγϛϡϨʔγϣϯ [23]
ύʔςΟΫϧ๏ͷΈͰ͸ෆ҆ఆʹͳͬͯ͠·͏ѹྗ΍มܗͱ͍ͬͨܭࢉʹରͯ͠ɼάϦου
๏Λ૊Έ߹ΘͤΔ͜ͱͰ҆ఆͨ͠ܭࢉΛ࣮ݱ͢Δ͞·͟·ͳख๏͕ఏҊ͞Ε͍ͯΔɽ୅දతͳ
ख๏ͱͯ͠͸PIC(Particle-In-Cell)[6]΍FLIP(FLuid-Implicit Particle)[2]ɼMPM(Material
Point Method)[16]ͳͲ͕͋ΔɽZhuΒ [24]͸ FLIPΛ༻͍ͯɼྲྀମγϛϡϨʔγϣϯʹ͓
͚ΔѹྗͷফࣦΛݮগͤ͞ɼඇѹॖੑྲྀମ͓Αͼྲྀମʹ͍ۙಈ͖Λ͢Δ࠭ͷγϛϡϨʔγϣ
ϯख๏ΛఏҊͨ͠ɽStomakhinΒ [15][14]͸MPMΛ༻͍Δ͜ͱͰɼ࣍અͰड़΂ΔθϩΤω
ϧΪʔϞʔυͷ໰୊΋ൃੜͤͣɼΑΓ҆ఆͨ͠஄઼ੑมܗʹ͍ͭͯͷܭࢉ͕ՄೳʹͳΓɼ͞
·͟·ͳදݱ͕ՄೳͰ͋Δ͜ͱΛࣔͨ͠ (ਤ 2.4)ɽYueΒ [22]͸MPMΛ༻͍ͯɼਤ 2.5ͷΑ
͏ͳੜΫϦʔϜ΍γΣʔϏϯάΫϦʔϜͷΑ͏ͳখ͞ͳ๐͕ू·ͬͨ෺ମͷγϛϡϨʔγϣ
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ϯख๏ΛఏҊͨ͠ɽ͔͠͠ɼάϦουͱͯ͠ܭࢉۭؒશମʹܭࢉ఺Λ഑ஔ͢ΔͨΊܭࢉۭؒ
ͷେ੍͖͕͞ݶ͞Εͯ͠·͏ͱ͍͏໰୊఺͕͋Δɽͦ͜Ͱɼຊ࿦จͰ͸ɼάϦουͷ୅ΘΓ
ͱͳΓɼ͔ͭɼܭࢉۭؒΛ੍ݶ͠ͳ͍Ԡྗܭࢉ఺Λಋೖ͢Δ͜ͱͰɼ҆ఆ͔ͭ͞·͟·ͳද
ݱ͕Մೳͳܭࢉख๏ΛఏҊ͢Δ.
2.2 Ԡྗܭࢉ఺Λ༻͍ͨؔ࿈ݚڀ
มܗ͢Δ෺ମΛ਺஋ղੳ͢Δͱ͖ʹɼܭࢉ఺ͷҐஔؔ܎ʹΑͬͯมܗ͍ͯ͠Δʹ΋͔͔Θ
ΒͣมܗΤωϧΪʔ͕θϩͱͳͬͯ͠·͏θϩΤωϧΪʔϞʔυͱ͍͏໰୊͕͋Δɽ͜ͷ໰
୊͸ɼ཭ࢄԽͨ͠ܭࢉ఺͕มܗʹΑͬͯਤ 2.6ͷΑ͏ʹہॴతʹରশੑΛ࣋ͬͨ഑ஔʹͳΓɼ
ͦͷ݁Ռɼݟ্͔͚มܗ͍ͯ͠Δʹ΋͔͔ΘΒͣܭࢉ্͸มܗΤωϧΪʔ͕θϩͱͳͬͯ͠
·͏ͱ͍͏΋ͷͰ͋Δɽ
͜ͷ໰୊ʹରͯ͠ɼDykaΒ [4][3]͸͢Ͱʹఆٛͨ͠ܭࢉ఺ͱ͸ผͷҐஔʹԠྗܭࢉ఺Λ
഑ஔ͠ɼԠྗܭࢉ఺ͷҐஔͰมܗΤωϧΪʔΛܭࢉ͢Δ͜ͱͰθϩΤωϧΪʔϞʔυΛ๷͙
͜ͱ͕Ͱ͖Δख๏ΛఏҊͨ͠ɽ͜ͷԠྗܭࢉ఺Λ༻͍Δ͜ͱͰɼ1࣍ݩ෺ମ͓Αͼ 2࣍ݩ෺
ମʹ͍ͭͯ҆ఆͨ͠ܭࢉ͕࣮ݱͰ͖Δ͜ͱ͕Θ͔͍ͬͯΔ [19][21]͕ɼ3࣍ݩͷ஄ੑମʹର
ͯ͠ద༻ͨ͠ྫ͸զʑͷௐ΂ͨݶΓͰ͸ͳ͍ɽ
ຊ࿦จͰ͸ɼ3࣍ݩۭؒʹ͓͍ͯԠྗܭࢉ఺ͱͯ͠෺࣭Λදݱ͢ΔύʔςΟΫϧͱ͸ผͷ
ύʔςΟΫϧΛ഑ஔ͠มܗʹؔ͢ΔܭࢉΛߦ͏஄઼ੑମγϛϡϨʔγϣϯख๏ΛఏҊ͢Δɽ
͞Βʹ̏࣍ݩۭؒʹ͓͚ΔԠྗܭࢉ༻ύʔςΟΫϧͷҠಈ΍େมܗʹରͯ͠ͷ௥Ճɾ࡟আΛ
ߦ͏͜ͱͰɼ͞·͟·ͳมܗͷදݱΛՄೳͱ͢Δɽ
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ਤ 2.4: MPMΛ༻͍ͨઇͷγϛϡϨʔγϣϯ
[14]
ਤ 2.5: MPMΛ༻͍ͨΫϦʔϜͷγϛϡϨʔ
γϣϯ [22]
変形
ਤ 2.6: θϩΤωϧΪʔϞʔυͱͳΔมܗྫɽӈͷਤͰ͸มܗ͍ͯ͠Δʹ΋͔͔ΘΒͣɼม
ܗΤωϧΪʔΛܭࢉ͢Δͱθϩͱͳͬͯ͠·͏ɽ
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ୈ3ষ
ఏҊख๏
MPM[16]ͳͲͷख๏Ͱ͸ɼਤ 3.1(a)ͷΑ͏ʹύʔςΟΫϧͱάϦουΛ૊Έ߹ΘͤΔ͜
ͱͰ҆ఆͨ͠ܭࢉΛ࣮ݱ͍ͯ͠ΔɽύʔςΟΫϧΛ༻͍ͯҠྲྀͷܭࢉͱ࣭ྔอଘੑΛຬͨ͠
ͭͭɼύʔςΟΫϧͷΈͰ͸ෆ҆ఆʹͳͬͯ͠·͏มܗʹ͍ͭͯͷܭࢉ (Ԡྗܭࢉ)ΛάϦο
υΛ༻͍Δ͜ͱͰ҆ఆʹܭࢉͰ͖ΔΑ͏ʹ͍ͯ͠Δɽ͔͠͠ɼάϦουΛ༻͍͍ͯΔͨΊܭ
ࢉ੍ۭ͕ؒݶ͞Εͯ͠·͏ͱ͍͏໰୊఺͕͋Δɽ
(a) ύʔςΟΫϧ (੨͍఺)ͱάϦου (྘ͷ఺)
Λ૊Έ߹Θͤͨ৔߹
(b) ఏҊख๏ʹ͓͚Δܭࢉ఺ͷؔ܎
ਤ 3.1: ੨͍఺͕෺࣭Λߏ੒͢ΔύʔςΟΫϧͰ྘ͷ఺͕Ԡྗܭࢉ఺Λࣔ͢
ຊݚڀͰ͸ɼύʔςΟΫϧͱάϦουΛ༻͍ͨख๏ͷར఺Λੜ͔ͭͭ͠ܭࢉۭؒͷ֦ுੑ
Λ֫ಘ͢ΔͨΊʹɼਤ 3.1(b)ͷΑ͏ʹɼάϦουͷ୅ΘΓʹԠྗܭࢉ༻ύʔςΟΫϧΛ༻͍
Δɽ͜ͷύʔςΟΫϧ͸࣭ྔΛ࣋ͨͳ͍ύʔςΟΫϧͰɼάϦουͱಉ͡Α͏ʹѻ͏͜ͱ͕
ՄೳͳͷͰ҆ఆͨ͠ܭࢉ͕ՄೳͰ͋Δɽ·ͨɼύʔςΟΫϧͷΈΛ༻͍Δ͜ͱͰܭࢉۭ͕ؒ
੍ݶ͞ΕΔ͜ͱ͸ͳ͍ɽҎԼɼ࿦จதͰ͸෺࣭Λߏ੒͢ΔύʔςΟΫϧΛMasterύʔςΟ
Ϋϧ (ਤ 3.1(b)ͷ੨͍఺)ɼԠྗܭࢉ఺༻ͷύʔςΟΫϧΛ SlaveύʔςΟΫϧ (ਤ 3.1(b)ͷ
྘ͷ఺)ͱݺͿɽ·ͨɼMasterύʔςΟΫϧͷཁૉʹ͍ͭͯ͸ఴ͑ࣈmΛ༻͍ͯXmͱද
ه͠ɼSlaveύʔςΟΫϧͷཁૉʹ͍ͭͯ΋ఴ͑ࣈ sΛ༻͍ͯXsͱදه͢Δɽܭࢉࣜʹ͓͍
ͯ ai,m =
∑
j,s bj,sͷΑ͏ͳදهͷ৔߹ɼMasterύʔςΟΫϧ iͱ༗ޮ൒ܘ h಺ͷۙ๣ Slave
8
ύʔςΟΫϧ jʹ͍ͭͯͷܭࢉͰ͋Δ͜ͱΛࣔ͢ɽ
3.1 શମͷྲྀΕ
ਤ 3.2: γϛϡϨʔγϣϯͷྲྀΕ
ఏҊख๏ͷྲྀΕΛਤ 3.2ʹࣔ͢ɽγϛϡϨʔγϣϯͷ֤εςοϓͷ͸͡Ίͷஈ֊Ͱ͸ɼલ
εςοϓͰܭࢉͨ͠MasterύʔςΟΫϧͷҐஔxmʹ͓͍ͯ଎౓ vmɼมܗޯ഑F͕Θ͔ͬ
͍ͯΔɽ·ͨɼSlaveύʔςΟΫϧ͸Ґஔ xsͷΈط஌Ͱ͋Δɽ·ͣ SlaveύʔςΟΫϧΛ༻
͍ͯมܗʹΑͬͯੜ͡Δྗ͓Αͼ଎౓Λܭࢉ͠ɼSlaveύʔςΟΫϧͷ଎౓͔ΒMasterύʔ
ςΟΫϧͷ଎౓ɾҐஔ͓Αͼมܗྔʢมܗޯ഑ʣΛܭࢉ͢Δɽ࣍ʹMasterύʔςΟΫϧʹ
௥ै͢ΔΑ͏ʹ SlaveύʔςΟΫϧͷҐஔͷߋ৽Λߦ͏ɽ͜ͷͱ͖ɼ෺ମͷ෼཭ɾ݁߹ʹ͋
Θͤͯ SlaveύʔςΟΫϧͷ௥Ճɾ࡟আΛߦ͏ɽҎԼʹɼਤ 3.2தͷ֤ܭࢉεςοϓͷུ֓
Λࣔ͢ɽՕ৚ॻ͖ͷ൪߸͸ਤ 3.2தͷ൪߸ʹରԠ͍ͯ͠Δɽ
1. SlaveύʔςΟΫϧͷ଎౓ͱ࣭ྔͷܭࢉ
SlaveύʔςΟΫϧ͸MasterύʔςΟΫϧʹ෇ਵͯ͠ಈ͘΋ͷͰɼͦͷಈ࡞ͷͨΊʹ
࣭ྔ΍଎౓Λ͍࣋ͬͯͳ͍ɽͦͷͨΊɼSlaveύʔςΟΫϧͷ࣭ྔ͓Αͼ଎౓Λपғͷ
MasterύʔςΟΫϧ͔ΒิؒʹΑΓٻΊΔඞཁ͕͋Δɽۙ๣ʹ͋ΔMasterύʔςΟ
Ϋϧͷ࣭ྔmj,mͱ଎౓ vj,mΛ༻͍ͯɼSlaveύʔςΟΫϧͷ࣭ྔmi,sͱ଎౓ vi,s͸
ҎԼͷΑ͏ʹٻΊΒΕΔɽ
mi,s =
∑
j,m
mj,mw(|xi,s − xj,m|, h) (3.1)
vi,s =
1
mi,s
∑
j,m
vj,mw(|xi,s − xj,m|, h) (3.2)
ࣜ (3.1),(3.2)͸ FLIP๏ [2]ʹج͍͍ͮͯΔɽ͜͜Ͱ w(|xi,s − xj,m|, h)͸ Slaveύʔ
ςΟΫϧ iͱۙ๣MasterύʔςΟΫϧ jͷڑ཭ʹ͍ͭͯͷॏΈͰ͋ΔɽॏΈؔ਺w͸ɼ
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֤ύʔςΟΫϧؒͷڑ཭ rͱ༗ޮ൒ܘ hΛ༻͍ͯҎԼͷΑ͏ͳܭࢉΛߦ͏ؔ਺Ͱ͋Δɽ
w(r, h) =
3
2πh3
⎧⎪⎪⎨
⎪⎪⎩
1
2
(
r
h
)3 − ( rh)2 + 23 0 ≤ rh ≤ 1
−16
(
r
h
)3
+
(
r
h
)2 − 2 rh + 43 1 ≤ rh ≤ 2
0 otherwise
(3.3)
Ҏ߱ͷࣜʹ͓͍ͯ wʹ͸͢΂ͯࣜ (3.3)Λ༻͍Δɽ
2. MasterύʔςΟΫϧମੵͷܭࢉ
ఏҊख๏Ͱ͸ɼมܗʹΑͬͯੜ͡ΔྗΛܭࢉ͢ΔͨΊʹMasterύʔςΟΫϧͷॳظ
ঢ়ଶʹ͓͚Δମੵ͕ඞཁͰ͋ΔɽMasterύʔςΟΫϧͷॳظମੵ V 0i,m͸ 1ͰٻΊͨ
पғͷ SlaveύʔςΟΫϧͷॳظ࣭ྔm0j,s͔ΒҎԼͷΑ͏ʹٻΊΔɽ
ρ0i,m =
∑
j,s
m0j,sw(|xi,m − xj,s|, h) (3.4)
V 0i,m = mi,m/ρ
0
i,m (3.5)
ρ0i,m͸ॳظঢ়ଶʹ͓͚Δີ౓Ͱ͋Δɽ·ͨɼρ0i,mɼV 0i,mͷܭࢉ͸࠷ॳͷҰճ͚࣮ͩߦ
͞Εɼܭࢉ͞Εͨ஋Λ֨ೲ͓͖ͯ͠ɼຖεςοϓͷܭࢉͰ༻͍ΒΕΔɽ
3. SlaveύʔςΟΫϧʹ͔͔Δྗͷܭࢉ
ఏҊख๏Ͱ͸ɼ෺ମͷมܗྔΛࣔ͢มܗޯ഑Λ༻͍ͯมܗʹΑΔྗΛܭࢉ͢Δɽ1Ͱ
ड़΂ͨΑ͏ʹɼSlaveύʔςΟΫϧ͸MasterύʔςΟΫϧʹ෇ਵ͢ΔͨΊʹมܗޯ഑
Λ͍࣋ͬͯͳ͍ɽͦͷͨΊɼपғͷMasterύʔςΟΫϧͷมܗޯ഑F͔Β Slaveύʔ
ςΟΫϧʹ͔͔Δྗ f i,sΛܭࢉ͢Δɽৄࡉ͸ §3.2Ͱड़΂Δɽ
4. SlaveύʔςΟΫϧ଎౓ͷܭࢉ
มܗʹΑ͔͔ͬͯΔྗ͔ΒύʔςΟΫϧͷ଎౓ΛٻΊΔͨΊʹɼ3ͰٻΊͨྗ f i,s͔
Β SlaveύʔςΟΫϧͷ଎౓ vn+1i,s Λ൒ӄతʹܭࢉ͠ٻΊΔɽৄࡉ͸ §3.3Ͱड़΂Δɽ
5. SlaveύʔςΟΫϧͷিಥܭࢉ
SlaveύʔςΟΫϧͱো֐෺ͱͷিಥܭࢉΛߦ͏ɽ۩ମతͳܭࢉࣜʹ͍ͭͯ͸ §3.5Ͱઆ
໌͢Δɽ͜ͷͱ͖ߋ৽͞ΕΔͷ͸଎౓ͷΈͰ͋Γɼਤ 3.3(b)ͷΑ͏ʹ SlaveύʔςΟ
Ϋϧࣗମ͸ো֐෺಺ʹೖΔ͜ͱ͕Ͱ͖Δɽ͜Ε͸ɼਤ 3.3(a)ʹࣔ͢Α͏ʹɼো֐෺෇
ۙͷMasterύʔςΟΫϧͷपғͷ SlaveύʔςΟΫϧີ౓͕ߴ͘ͳΒͳ͍Α͏ʹ͢Δ
ͨΊͰ͋ΔɽSlaveύʔςΟΫϧີ౓͕ߴ͘ͳͬͯ͠·͏ͱɼMasterύʔςΟΫϧ͕
িಥ͢Δલʹมܗ͕࢝·ͬͯ͠·͏ͨΊ͜ͷΑ͏ͳॲཧΛߦ͏ɽ
6. MasterύʔςΟΫϧͷมܗޯ഑ͷߋ৽
MasterύʔςΟΫϧͷมܗޯ഑ Fi,mͷߋ৽͸ҎԼͷΑ͏ʹߦ͏ɽ
Fn+1i,m = (I+Δt∇vn+1i,m )Fni,m (3.6)
͜͜ͰɼI͸୯ҐߦྻɼFni,m͸ nεςοϓ໨ͷMasterύʔςΟΫϧͷมܗޯ഑Ͱ͋
Δɽ·ͨɼ∇vn+1i,m ͸଎౓ޯ഑ςϯιϧͰҎԼͷΑ͏ʹܭࢉ͢Δ.
∇vn+1i,m =
∑
j,s
(vni,m − vn+1j,s )(xni,m − xnj,s)Tw(|xi,m − xj,s|, h) (3.7)
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(a) (b)
ਤ 3.3: SlaveύʔςΟΫϧ͕ো֐෺ͱ (a)িಥ͢Δ৔߹ͱ (b)িಥ͠ͳ͍৔߹ͷൺֱ
͜ͷͱ͖ɼ∇vn+1i,m ͸n+1εςοϓ໨ͷMasterύʔςΟΫϧͷ଎౓ޯ഑Λपғͷ Slave
ύʔςΟΫϧ͔ΒٻΊͨ΋ͷͰ͋Γɼ࣮ࡍͷ଎౓ߋ৽ʹ͸༻͍ͳ͍ɽMasterύʔςΟΫ
ϧͷ଎౓ߋ৽ʹ͍ͭͯ͸ 8Ͱड़΂Δɽvni,m͓Αͼxni,m͸nεςοϓ໨ʹ͓͚ΔMaster
ύʔςΟΫϧͷ଎౓ͱҐஔɼxnj,s͸ nεςοϓ໨ʹ͓͚Δपғͷ SlaveύʔςΟΫϧ
Λ͍ࣔͯ͠Δɽ஄ੑมܗ͔Β઼ੑมܗ΁ͷมԽʹ͍ͭͯৄࡉ͸ §3.4Ͱઆ໌͢Δɽ
7. MasterύʔςΟΫϧͷ଎౓Λܭࢉ
ۙ๣ͷ SlaveύʔςΟΫϧͷ଎౓ vn+1j,s ͷ࠷খࣗ৐ิؒʹΑͬͯܭࢉ͞ΕΔ଎౓ vˆi,m
Λ༻͍ͯMasterύʔςΟΫϧͷ଎౓ vi,mΛߋ৽͢Δɽ
vˆi,m = argmin
vˆi,m
∑
j,s
w(|xi,m − xj,s|, h)‖vˆi,m − vn+1j,s ‖2 (3.8)
vn+1i,m = (1− α)vni,m + αvˆi,m (3.9)
α ∈ [0, 1]͸೚ҙͷఆ਺Ͱ͋Δɽ
8. MasterύʔςΟΫϧͷিಥܭࢉ
MasterύʔςΟΫϧͱো֐෺ͱͷিಥܭࢉΛߦ͏ɽܭࢉࣜʹ͍ͭͯͷৄࡉ͸ §3.5Ͱ
આ໌͢ΔɽSlaveύʔςΟΫϧͱҟͳΓɼҐஔͷߋ৽΋ߦ͏ɽ
9. MasterύʔςΟΫϧͷҐஔߋ৽
8Ͱিಥܭࢉ·ͰߦͬͯಘΒΕͨ଎౓ vn+1i,m ͔ΒҎԼͷࣜʹΑΓMasterύʔςΟΫϧ
ͷҐஔΛߋ৽͢Δɽ
xn+1i,m = x
n
i,m +Δtv
n+1
i,m (3.10)
10. SlaveύʔςΟΫϧͷҠྲྀ
MasterύʔςΟΫϧͷಈ͖ʹ͋ΘͤͯɼSlaveύʔςΟΫϧΛҠྲྀͤ͞Δɽৄ ࡉ͸ §3.6.1
Ͱड़΂Δɽ
11. SlaveύʔςΟΫϧͷ௥Ճͱ࡟আ
େ͖ͳมܗʹΑͬͯɼ෼཭΍݁߹ͳͲ͕ੜͨ͡৔߹͸ SlaveύʔςΟΫϧͷ௥Ճ͓Α
ͼ࡟আΛߦ͏ɽৄࡉ͸ §3.6.2,§3.6.3Ͱड़΂Δɽ
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3.2 SlaveύʔςΟΫϧʹ͔͔Δྗͷܭࢉ
DykaΒ [4][3]͕ఏҊͨ͠Α͏ʹɼMasterύʔςΟΫϧͷҐஔͰ͸ͳ͘ SlaveύʔςΟΫϧ
ͷҐஔͰมܗʹ͍ͭͯͷܭࢉΛߦ͏͜ͱͰɼܭࢉͷ҆ఆԽ͕ՄೳʹͳΔɽۙ๣Masterύʔ
ςΟΫϧ j,mͷ΋ͭ஄ੑมܗޯ഑FEj,m ͱ઼ੑมܗޯ഑FPj,m ͔Β SlaveύʔςΟΫϧʹ͔
͔Δྗ f i,s͸ҎԼͷࣜ (3.11)Ͱܭࢉ͞ΕΔɽ
f i,s = −
∑
j,m
V nj,mσj,m∇w(|xi,s − xj,m|, h) (3.11)
͜͜ͰɼMasterύʔςΟΫϧͷ nεςοϓ໨ʹ͓͚Δମੵ V nj,mͱɼίʔγʔԠྗ σj,m͸ɼ
V nj,m = J
n
j,mV
0
j,m (3.12)
σj,m =
1
Jnj,m
∂Ψ(FE ,FP )
∂FE
(FE)
T (3.13)
ͱܭࢉ͢Δɽ͜͜ͰɼJnj,m = det(FEj,mFPj,m)Ͱ Ψ(FE ,FP )͸จݙ [14]Ͱఆٛ͞Ε͍ͯΔ
஄઼ੑΤωϧΪʔີ౓ؔ਺ͰҎԼͷࣜͰܭࢉ͞ΕΔɽ
Ψ(FE ,FP ) = μ(FP )‖FE −RE‖2F +
λ(FP )
2
(JE − 1)2 (3.14)
͜͜Ͱ μ(FP )ɼλ(FP )ɼJEɼJP ͸ҎԼͷΑ͏ʹఆٛ͞ΕΔɽ
μ(FP ) = μ0e
ξ(1−JP ) , λ(FP ) = λ0eξ(1−JP ) (3.15)
JE = det(FE) , JP = det(FP ) (3.16)
·ͨɼRE ͸FE ͷճస੒෼Ͱ͋ΓɼFE = RESE ͷۃ෼ղʹΑͬͯٻΊΒΕΔɽ࣮ࡍͷܭ
ࢉͰ࢖͑ΔΑ͏ʹࣜ (3.13)Λ͞Βʹల։͍ͯ͘͠ɽ·ͣɼࣜ (3.14)ͷӈลʹ͋Δϑϩϕχ΢
ϧϊϧϜ (‖ · · · ‖2F )ͷ߲Λల։͢Δͱɼ
‖F−R‖2F = tr
{
(F−R)T (F−R)}
= tr
{
(FT −RT )(F−R)}
= tr
(
FTF− FTR−RTF+RTR)
= tr(FTF)− tr ((RTF)T )− tr (RTF)+ tr(RTR)
ͱͳΔɽ͜͜Ͱɼtr(A) = tr(AT )ͳͷͰ
‖F−R‖2F = tr(FTF)− 2tr(RTF) + tr(RTR) (3.17)
ͱͳΔɽΑͬͯɼ஄઼ੑΤωϧΪʔີ౓ؔ਺Ψ͸ҎԼͷΑ͏ʹࣜมܗ͢Δ͜ͱ͕Ͱ͖Δɽ
Ψ(FE ,FP ) = μ tr(F
T
EFE)− 2μ tr(RTEFE) + μ tr(RTERE) +
λ
2
(det(FE)− 1)2 (3.18)
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͜͜ͰɼࣜදࣔΛ؆୯Խ͢ΔͨΊʹ μ(FP )Λ μɼλ(FP )Λ λͱॻ͍͍ͯΔɽίʔγʔԠྗ
ΛٻΊΔͨΊʹࣜ (3.18)Λ FE ʹ͍ͭͯඍ෼͢Δɽ
∂Ψ
∂FE
= μ
∂
∂FE
tr(FTEFE)︸ ︷︷ ︸
(i)
− 2μ ∂
∂FE
tr(RTEFE)︸ ︷︷ ︸
(ii)
+μ
∂
∂FE
tr(RTERE)︸ ︷︷ ︸
(iii)
+
λ
2
∂
∂FE
(det(FE)− 1)2︸ ︷︷ ︸
(iv)
(3.19)
ࣜ (3.19)ͷ֤߲Λܭࢉ͍ͯ͘͠ɽ(iii)ͷ߲͸FE ͕ͳ͍ͷͰফ͑ɼ࢒Γͷ߲͸ҎԼͷΑ͏ʹ
ͳΔɽ
(i) = μ
∂
∂FE
∑
i
∑
j
f2Eij
= 2μFE (3.20)
(ii) = 2μRE (3.21)
(iv) = λ (det(FE)− 1) ∂ detFE
∂FE
= λ (det(FE)− 1) det(FE)(F−1E )T
= λ(JE − 1)JE(F−1E )T (3.22)
Αͬͯɼ
∂Ψ
∂FE
= 2μ(FE −RE) + λ(JE − 1)JE(F−1E )T (3.23)
ࣜ (3.23)͔Βɼ۩ମతͳࣜ (3.13)ͷίʔγʔԠྗͷܭࢉࣜ͸
σ =
1
J
∂Ψ
∂FE
FTE
=
2μ
J
(FE −RE)FTE +
λ
J
(JE − 1)JEI (3.24)
ͱͳΔɽ͜ͷͱ͖ I͸୯ҐߦྻͰ͋Δɽ஄ੑมܗޯ഑FE ͱ઼ੑมܗޯ഑FP ͸୯ҐߦྻͰ
ॳظԽ͓͖ͯ͠ɼ§3.4ʹࣔ͢ํ๏Ͱߋ৽͢Δɽ
3.3 SlaveύʔςΟΫϧ଎౓ͷܭࢉ
§3.2ͷࣜ (3.11)ͰٻΊͨྗ f Λ༻͍ͯɼSlaveύʔςΟΫϧͷ଎౓ͷܭࢉΛߦ͏ɽ
·ͣɼҎԼͷࣜΛ༻͍ͯԾ଎౓ vi,sΛܭࢉ͢Δɽ
vi,s = v
n
i,s +Δtm
−1
i,s f i,s (3.25)
ٻΊͨԾ଎౓͔ΒɼઢܗγεςϜΛղ͘͜ͱͰ SlaveύʔςΟΫϧͷ଎౓ vn+1i,s Λܭࢉ͢Δɽ
ઢܗγεςϜ͸
∑
j,s
(
Iδ(is, js) + βΔt
2m−1i,s
∂2Φ
∂xi,s∂xj,s
)
vn+1j,s = v

i,s (3.26)
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ͱͳΔɽ͜ ͜ͰΔt͸λΠϜεςοϓ෯ɼβ͸ 0 ≤ β ≤ 1Λຬͨ͢೚ҙͷఆ਺ɼ͞ Βʹ δ(is, js)ɼ
Φ͸ҎԼͷΑ͏ʹఆٛ͢Δɽ
δ(is, js) =
⎧⎨
⎩
1 is = js
0 is = js
(3.27)
Φ = Σj,mV
0
j,mΨ(FEj,m ,FPj,m) (3.28)
͜ͷઢܗγεςϜΛڞ໾ޯ഑๏Λ༻͍ͯղ͘ɽ
ڞ໾ޯ഑๏͸ઢܗγεςϜAu = bΛղͨ͘Ίͷख๏ͷ 1ͭͰ͋Δɽ൓෮ܭࢉʹΑͬͯۙ
ࣅղ xΛٻΊΔํ๏ͰɼAlgorithm 1ʹ۩ମతͳखॱΛࣔ͢ɽ
Algorithm 1 ڞ໾ޯ഑๏
1: ద౰ͳ஋Ͱ u0ΛॳظԽ
2: r0 = b−Au0
3: p0 = r0
4: for k = 0, 1, 2 · · · do
5: yk = Apk
6: αk = r
k·rk
pk·yk
7: uk+1 = uk + αkpk
8: rk+1 = rk − αkyk
9: if ‖rk+1‖ ≤ 
 then
10: loop end
11: end if
12: β = r
k+1·rk+1
rk·rk
13: pk+1 = rk+1 + βpk
14: end for
Algorithm 1͔ΒΘ͔ΔΑ͏ʹɼߦྻA͕ಠཱͯ͋͠ΒΘΕΔ͜ͱ͸ͳ͘೚ҙͷϕΫτ
ϧ uͱͷੵ AuΛܭࢉ͢Δ͜ͱͰઢܗγεςϜΛղ͘͜ͱ͕Ͱ͖Δɽࣜ (3.26)ʹ͓͍ͯɼ
u = vn+1j,s ͱ͢ΔͱAu͸ࠨลʹରԠ͢ΔͷͰɼҎԼͰ͸ࣜ (3.26)ͷࠨลͷ۩ମతͳܭࢉํ
๏ʹ͍ͭͯड़΂Δɽ
3.3.1 ઢܗγεςϜͷࠨลͷܭࢉ
ࣜ (3.26)ͷࠨลΛల։ͯ͠ɼ
∑
j,s
(
Iδ(is, js) + βΔt
2m−1i,s
∂2Φ
∂xi,s∂xj,s
)
vn+1j,s = vi,s +
βΔt
mi,s
∑
j,s
∂2Φ
∂xi,s∂xj,s
(Δtvj,s)
= vi,s − βΔt
mi,s
δf i,s (3.29)
ͱ͢Δɽ͜͜Ͱɼδf i,s͸
δf i,s = −
∑
j,s
∂2Φ
∂xi,s∂xj,s
(Δtvj,s) (3.30)
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Ͱ͋Δɽ͞Βʹࣜ (3.33)ΛҎԼͷΑ͏ʹల։͢Δɽ
−δf i,s =
∑
j,s
∂2Φ
∂xi,s∂xj,s
(Δtvj,s)
=
∑
j,s
∂2
∂xi,s∂xj,s
⎛
⎝∑
j,m
V 0j,mΨ(FE ,FP )
⎞
⎠ (Δtvj,s)
=
∑
j,m
V 0j,m
⎛
⎝∑
j,s
∂2Ψ(FE ,FP )
∂xi,s∂xj,s
(Δtvj,s)
⎞
⎠
=
∑
j,m
V 0j,mAj,m(FEj,m)
T∇w(|xi,s − xj,m|, h) (3.31)
͜ͷͱ͖ɼ
Aj,m =
∂2Ψ(FE ,FP )
∂FE∂FE
:
⎛
⎝∑
j,s
Δtvj,s(∇w(|xj,s − xj,m|, h))TFEj,m
⎞
⎠ (3.32)
Ͱ͋Δɽ͜͜ͰB = C : Dͱ͍͏ܭࢉ͸ɼbij =
∑
k
∑
l cijkldklͱ͍͏ܭࢉ (ϑϩϕχ΢ε
಺ੵ)Λҙຯ͍ͯ͠ΔɽAj,mҎ֎͸͢Ͱʹط஌ͷ΋ͷͳͷͰɼ͋ͱ͸Aj,m͕ܭࢉͰ͖Ε͹
ࣜ (3.26)ͷࠨลͷܭࢉ͕ՄೳʹͳΔɽҎԼͰ͸Aj,mͷܭࢉͷͨΊʹɼ͞Βʹల։ͯ͠ݸʑ
ͷ߲ʹ͍ͭͯৄࡉΛड़΂Δɽ·ͣɼࣜ (3.32)ͷӈลʹ͍ͭͯɼ
δFE =
∑
j,s
Δtvj,s(∇w(|xj,s − xj,m|, h))TFEj,m (3.33)
ͱ͓͍ͯల։͍ͯ͘͠ͱɼ
ɹAj,m = ∂
2Ψ
∂FE∂FE
: δFE
=
2μδFE − 2μδRE
+ λJEF
−T
E (JEF
−T
E : δFE) + λ(JE − 1)δ(JEF−TE )
(3.34)
ͱͳΔɽҎ߱Ͱ͸ɼఴ͑ࣈ E Λলུ͢Δɽ
JF−T ͷܭࢉ
ߦྻ JF−T ʹ͍ͭͯ Fͷ༨Ҽࢠߦྻ F˜Λߟ͑Δͱɼ
JF−T = |F|(F˜)
T
|F| = (F˜)
T
ͱͳΓɼJF−T ͸ Fͷ༨ҼࢠߦྻΛసஔͨ͠ߦྻ (F˜)T ͱ౳͍͜͠ͱ͕Θ͔Δɽ
δ(JF−T )ͷܭࢉ
δ(JF−T )͸ҎԼͷΑ͏ʹల։Ͱ͖Δɽ
δ(JF−T ) =
∂
∂F
(JF−T ) : δF
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ӈลͷ δFʹ͍ͭͯ͸ࣜ (3.33)Λ༻͍ͯܭࢉ͢Δ͜ͱ͕Ͱ͖ΔͷͰɼ ∂
∂F(JF
−T )ͷ۩ମతͳ
ܭࢉʹ͍ͭͯड़΂Δɽ·ͣߦྻ Fͷ֤ཁૉΛ fij ͱ͢ΔͱɼJF−T ͸
JF−T =
⎛
⎜⎝
f11f22 − f12f21 f12f20 − f10f22 f10f21 − f11f20
f02f21 − f01f22 f00f22 − f02f20 f01f20 − f00f21
f01f12 − f02f11 f02f10 − f00f12 f00f11 − f01f10
⎞
⎟⎠ (3.35)
ͱͳΔɽߦྻ JF−T ͷ֤ཁૉΛ fˆij ͱ͢Δͱɼ ∂∂F(JF
−T )͸
ɹ ∂
∂F
(JF−T ) =
⎛
⎜⎜⎜⎝
∂fˆ00
∂F
∂fˆ01
∂F
∂fˆ02
∂F
∂fˆ10
∂F
∂fˆ11
∂F
∂fˆ12
∂F
∂fˆ20
∂F
∂fˆ21
∂F
∂fˆ22
∂F
⎞
⎟⎟⎟⎠ (3.36)
ͱͳΔɽࣜ (3.36)͔ΒΘ͔ΔΑ͏ʹɼ֤ཁૉΛߦྻFͰඍ෼͢ΔͨΊɼ ∂
∂F(JF
−T )͸ 3× 3
ͷখߦྻΛཁૉʹ΋ͭ 3 × 3(શମͰ 9 × 9)ͷߦྻͱͳΔɽ࣍ʹ֤ཁૉ ∂fˆij
∂F ͷܭࢉʹ͍ͭͯ
આ໌͢Δɽ
∂fˆ00
∂F Λྫͱͯ͠ɼ۩ମతͳܭࢉํ๏ΛҎԼʹࣔ͢ɽ
∂fˆ00
∂F
=
⎛
⎜⎜⎜⎝
∂fˆ00
∂f00
∂fˆ00
∂f01
∂fˆ00
∂f02
∂fˆ00
∂f10
∂fˆ00
∂f11
∂fˆ00
∂f12
∂fˆ00
∂f20
∂fˆ00
∂f21
∂fˆ00
∂f22
⎞
⎟⎟⎟⎠
=
⎛
⎜⎝
∂
∂f00
(f11f22 − f12f21) ∂∂f01 (f11f22 − f12f21) ∂∂f02 (f11f22 − f12f21)
∂
∂f10
(f11f22 − f12f21) ∂∂f11 (f11f22 − f12f21) ∂∂f12 (f11f22 − f12f21)
∂
∂f20
(f11f22 − f12f21) ∂∂f21 (f11f22 − f12f21) ∂∂f22 (f11f22 − f12f21)
⎞
⎟⎠
=
⎛
⎜⎝
0 0 0
0 f22 −f21
0 −f12 f11
⎞
⎟⎠ (3.37)
΄͔ͷཁૉʹ͍ͭͯ΋ಉ༷ʹܭࢉ͢Δͱɼ ∂
∂F(JF
−T )͸ࣜ (3.38)ͷΑ͏ͳ 9 × 9ͷߦྻʹ
ͳΔɽ
∂
∂F
(JF−T ) =
⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎛
⎜⎝
0 0 0
0 f22 −f21
0 −f12 f11
⎞
⎟⎠
⎛
⎜⎝
0 0 0
−f22 0 f20
f12 0 −f10
⎞
⎟⎠
⎛
⎜⎝
0 0 0
f21 −f20 0
−f11 f10 0
⎞
⎟⎠
⎛
⎜⎝
0 −f22 f21
0 0 0
0 f02 −f01
⎞
⎟⎠
⎛
⎜⎝
f22 0 −f20
0 0 0
−f02 0 f00
⎞
⎟⎠
⎛
⎜⎝
−f21 f20 0
0 0 0
f01 −f00 0
⎞
⎟⎠
⎛
⎜⎝
0 f12 −f11
0 −f02 f01
0 0 0
⎞
⎟⎠
⎛
⎜⎝
−f12 0 f10
f02 0 −f00
0 0 0
⎞
⎟⎠
⎛
⎜⎝
f11 −f10 0
−f01 f00 0
0 0 0
⎞
⎟⎠
⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(3.38)
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͜ΕΑΓɼ
δ(JF−T ) =
∂
∂F
(JF−T ) : δF
=
⎛
⎜⎜⎜⎝
∂fˆ00
∂F
∂fˆ01
∂F
∂fˆ02
∂F
∂fˆ10
∂F
∂fˆ11
∂F
∂fˆ12
∂F
∂fˆ20
∂F
∂fˆ21
∂F
∂fˆ22
∂F
⎞
⎟⎟⎟⎠ : δF
=
⎛
⎜⎜⎜⎝
∂fˆ00
∂F : δF
∂fˆ01
∂F : δF
∂fˆ02
∂F : δF
∂fˆ10
∂F : δF
∂fˆ11
∂F : δF
∂fˆ12
∂F : δF
∂fˆ20
∂F : δF
∂fˆ21
∂F : δF
∂fˆ22
∂F : δF
⎞
⎟⎟⎟⎠ (3.39)
ͱܭࢉͰ͖Δɽ͜͜ͰA : B͸ɼಉ͡େ͖͞ͷਖ਼ํߦྻA,Bʹ͍ͭͯͷϑϩϕχ΢ε಺ੵ
Λࣔ͢ɽ
δRͷܭࢉ
ۃ෼ղ F = RS͔Β
δF = δRS+RδS
͕ಋ͖ग़ͤΔɽ͞ΒʹɼࣜมܗΛߦ͏ɽ
RT δF = RT (δRS+RδS)
= (RT δR)S+ δS (3.40)
RT δF− δFTR = (RT δR)S+ δS− δFTR
= (RT δR)S+ δS− (δRS+RδS)TR
= (RT δR)S+ δS− (δRS)TR− (RδS)TR
= (RT δR)S+ δS− ST (RT δR)T − δSɹ
= (RT δR)S− ST (RT δR)T (3.41)
͜͜ͰɼS͸ରশߦྻͳͷͰ S = STɼRT δR͸ަ୅ߦྻͳͷͰ (RT δR)T = −(RT δR)Ͱ
͋Δ͜ͱ͔Βࣜ (3.41)͸
RT δF− δFTR = (RT δR)S+ S(RT δR)T (3.42)
ͱͳΔɽࣜ (3.42)ͷࠨลʹ͍ͭͯ΋ަ୅ߦྻͱͳΔͷͰɼͦΕͧΕΛҎԼͷΑ͏ʹఆٛ͢Δɽ
V = RT δF− δFTR =
⎛
⎜⎝
0 d e
−d 0 f
−e −f 0
⎞
⎟⎠ (3.43)
U = RT δR =
⎛
⎜⎝
0 a b
−a 0 c
−b −c 0
⎞
⎟⎠ (3.44)
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ߦྻ S = {sij}ͱͯ͠ɼࣜ (3.43),(3.44)Λ༻͍ͯࣜ (3.42)Λ͋ΒΘ͢ͱɼ⎛
⎜⎝
0 d e
−d 0 f
−e −f 0
⎞
⎟⎠ =
⎛
⎜⎝
0 a b
−a 0 c
−b −c 0
⎞
⎟⎠
⎛
⎜⎝
s00 s01 s02
s10 s11 s12
s20 s21 s22
⎞
⎟⎠+
⎛
⎜⎝
s00 s01 s02
s10 s11 s12
s20 s21 s22
⎞
⎟⎠
⎛
⎜⎝
0 a b
−a 0 c
−b −c 0
⎞
⎟⎠
=
⎛
⎜⎝
as10 + bs20 as11 + bs21 as12 + bs22
−as00 + cs12 −as01 + cs21 −as02 + cs22
−bs00 − cs10 −bs01 − cs11 −bs02 − cs12
⎞
⎟⎠
+
⎛
⎜⎝
−as01 − bs02 as00 − cs02 bs00 + cs01
−as11 − bs12 as10 − cs12 bs10 + cs11
−as21 − bs22 as20 − cs22 bs20 + cs21
⎞
⎟⎠
(3.45)
ͱͳΓɼd, e, f ʹ͍ͭͯऔΓग़͢ͱɼ
⎛
⎜⎝
d
e
f
⎞
⎟⎠ =
⎛
⎜⎝
as11 + bs21 + as00 − cs02
as12 + bs22 + bs00 + cs01
−as02 + cs22 + bs10 + cs11
⎞
⎟⎠
=
⎛
⎜⎝
(s00 + s11)a+ s21b− s02c
s12a+ (s00 + s22)b+ s01c
−s02a+ s01b+ (s11 + s22)c
⎞
⎟⎠
=
⎛
⎜⎝
s00 + s11 s21 −s02
s12 s00 + s22 s01
−s02 s01 s11 + s22
⎞
⎟⎠
⎛
⎜⎝
a
b
c
⎞
⎟⎠ (3.46)
ͱͳΔɽ(d, e, f)͸ δF,R͔Βط஌ͷม਺ͱͯ͠ɼࣜ (3.46)ͷ 3× 3ͷઢܗγεςϜ͔Βະ
஌਺ (a, b, c)Λܭࢉ͢Δɽ࠷ޙʹRT δR͔ΒɼδR = R(RT δR)ͱܭࢉ͢Δ͜ͱͰ δRΛٻ
ΊΔ͜ͱ͕Ͱ͖Δɽ
3.4 มܗޯ഑ͷܭࢉ
SlaveύʔςΟΫϧͷ଎౓Λܭࢉͨ͠Βɼ࣍ʹมܗޯ഑ͷߋ৽Λߦ͏ɽมܗޯ഑F͸஄ੑ
มܗޯ഑ FE ͱ઼ੑมܗޯ഑ FP ʹ෼͚Δ͜ͱͰ͖Δɽ
F = FEFP (3.47)
ఏҊख๏Ͱ͸ɼੜͨ͡มܗ͕͢΂ͯ஄ੑมܗͰ͋Δͱͯ͠Ծఆͯ͠ܭࢉͨ͠ޙɼ߱෬఺Λ௒
͑Δมܗ͕ੜͨ͡৔߹ʹɼͦͷ෼ͷมܗΛ઼ੑมܗͱ͢Δํ๏Λ༻͍Δɽ
ࣜ (3.6)Λ༻͍ͯɼੜͨ͡มܗ͕͢΂ͯ஄ੑมܗͨ͠ͱͯ͠Ծͷ஄ੑมܗޯ഑ Fˆn+1E Λܭ
ࢉ͢Δɽ
Fˆ
n+1
E = (I+Δt∇vn+1m )FnE (3.48)
͜ͷͱ͖ɼ∇vn+1m ͸ࣜ (3.7)Λ༻͍ͯܭࢉ͢Δɽ࣮ࡍͷ෺࣭Ͱ͸͋ΔҰఆ·Ͱͷมܗ͸஄ੑ
มܗʹΑͬͯݩͷܗঢ়ʹ໭Δ͕ɼ߱෬఺ͱݺ͹ΕΔ఺Λ௒͑ͯมܗΛߦ͏ͱ઼ੑมܗʹͳΓ
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ݩͷܗঢ়ʹ׬શʹ͸໭Βͳ͘ͳΔɽ͜ΕΛ࠶ݱ͢ΔͨΊʹɼԾͷ஄ੑมܗޯ഑͔Β߱෬఺
(θc, θs)Λ௒͑ͨ෼ͷมܗΛٻΊΔͨΊʹɼ·ͣɼFˆn+1E Λಛҟ஋෼ղ͢Δɽ
Fˆ
n+1
E = UΣˆV
T (3.49)
ಛҟ஋෼ղʹΑͬͯಘΒΕͨߦྻ Σˆͷର֯ཁૉʹ͸มܗྔΛࣔ͢஋͕ฒΜͰ͍Δɽ͜ͷର
֯ཁૉͷ஋͕Ϣʔβ͕ࢦఆͨ͠৳ͼʹର͢Δ߱෬఺ θsͱѹॖʹର͢Δ߱෬఺ θcͷؒͷ஋ʹ
ͳΔΑ͏ʹ੍ݶ͢Δɽ
Σ = clamp
(
Σˆ, [1− θc, 1 + θs]
)
(3.50)
ࣜ (3.50)ʹΑͬͯ஄ੑมܗ෦෼͕औΓग़͞ΕͨͷͰɼ஄ੑมܗޯ഑ͱ઼ੑมܗޯ഑ͷߋ৽Λ
ߦ͍ͬͯ͘ɽ·ͣ஄ੑมܗޯ഑͸ࣜ (3.51)Λ༻͍ͯ
Fn+1E = UΣV
T (3.51)
ͱߋ৽͢Δɽ઼ੑมܗޯ഑͸ɼࣜ (3.47)͔Β
Fn+1E F
n+1
P = F
n+1
Fn+1P = (F
n+1
E )
−1Fn+1
= (UΣVT )−1Fn+1
= VΣ−1UTFn+1
= VΣ−1UT (I+Δt∇vn+1m )Fn (3.52)
ͱܭࢉ͢Δ͜ͱ͕Ͱ͖Δɽ
3.5 িಥܭࢉ
γϛϡϨʔγϣϯۭؒͷڥք΍γʔϯதʹ΄͔ͷ෺ମؚ͕·Ε͍ͯΔͱ͖ͳͲʹͦΕΒ
ͱύʔςΟΫϧؒͷিಥॲཧ͕ඞཁͱͳΔɽຊݚڀͰ͸MasterύʔςΟΫϧͷ଎౓͓Αͼ
SlaveύʔςΟΫϧͱো֐෺ͱͷিಥܭࢉΛߦ͏ɽܭࢉର৅ͱͳΔύʔςΟΫϧͷ଎౓Λ v
ͱ͢Δɽিಥݕग़͸AABB(Axis-Aligned Bounding Box)Λ༻͍Δ͜ͱͰߴ଎Խ͢Δɽিಥ
͕ݕग़͞Εͨ৔߹ʹɼύʔςΟΫϧͱো֐෺ͷӡಈʹ߹ΘͤͯύʔςΟΫϧ଎౓ͷ࠶ܭࢉ͕
ඞཁͱͳΔɽো֐෺ͷ଎౓Λ vcolɼύʔςΟΫϧʹ΋ͬͱ΋͍ۙ໘ͷ๏ઢΛ nͱͨ͠ͱ͖ɼ
·ͣɼύʔςΟΫϧͱো֐෺ͱͷ૬ର଎౓Λܭࢉ͢Δɽ
vrel = v − vcol (3.53)
͜͜Ͱɼ
vn = vrel · n ≥ 0 (3.54)
Λຬͨ͢ͱ͖ɼਤ 3.4(a)ͷΑ͏ʹύʔςΟΫϧͱো֐෺͕཭ΕΔΑ͏ʹӡಈ͍ͯ͠ΔͷͰ
ύʔςΟΫϧͷ଎౓ʹ͍ͭͯিಥܭࢉΛߦ͏ඞཁ͕ͳ͍ɽҰํɼࣜ (3.54)Λຬͨ͞ͳ͍ͱ͖
͸ਤ 3.4(b)ͷΑ͏ʹύʔςΟΫϧͱো֐෺͕ۙͮ͘Α͏ʹӡಈ͍ͯ͠ΔͨΊɼͦͷ··ܭ
ࢉΛߦ͍ͬͯ͘ͱɼύʔςΟΫϧ͕ো֐෺ͷ಺෦ʹೖΓࠐΜͰ͠·͏ɽ͜ΕΛ๷͙ͨΊʹɼ
িಥԠ౴ॲཧΛߦ͏ɽ
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(a) vn = vrel · n ≥ 0ͷ৔߹ (b) vn = vrel · n < 0ͷ৔߹
ਤ 3.4: িಥ࣌ͷ֤ϕΫτϧͷؔ܎
૬ର଎౓ vrel͔Βিಥ໘ʹରͯ͠઀ઢํ޲੒෼ vtͷΈΛऔΓग़͢ɽ
vt = vrel − nvn (3.55)
͜͜Ͱɼো֐෺ʹுΓ෇͘Α͏ͳදݱΛߦ͏ͨΊʹຎࡲ܎਺ μΛ༻͍ͯ
v′rel =
⎧⎨
⎩
0 ‖vt‖ ≤ −μvn
vt + μvn
vt
‖vt‖ otherwise
(3.56)
ͷΑ͏ʹ૬ର଎౓Λ࠶ܭࢉ͢Δɽ࠷ޙʹɼিಥܭࢉޙͷ଎౓ vnewΛ
vnew = v′rel + vcol (3.57)
ͷΑ͏ʹܭࢉ͠ɼύʔςΟΫϧͷ৽͍͠଎౓ͱͯ͠ઃఆ͢Δɽ
3.6 SlaveύʔςΟΫϧ
SlaveύʔςΟΫϧ͸ਤ 3.5ͷΑ͏ʹɼ͢΂ͯͷMasterύʔςΟΫϧͷपғʹ౳͘͠ଘ
ࡏ͢ΔΑ͏ʹ഑ஔ͢ΔɽఏҊख๏Ͱ͸MasterύʔςΟΫϧͷಈ͖ʹ෇ਵ͢ΔΑ͏ʹ Slave
ύʔςΟΫϧΛҠಈͤ͞Δɽ·ͨɼ෺ମ͕෼྾ɾ݁߹͢Δͱ͖ʹ͸ɼSlaveύʔςΟΫϧͷ
ෆ଍·ͨ͸௒ա͕ൃੜͯ͠͠·͏ͷͰมܗͷ༷ࢠʹ߹Θͤͯ SlaveύʔςΟΫϧͷ௥Ճɾ࡟
আॲཧΛߦ͏ඞཁ͕͋Δɽ͜ͷͱ͖ɼSlaveύʔςΟΫϧ͸࣭ྔΛ͍࣋ͬͯͳ͍ͷͰγϛϡ
ϨʔγϣϯதʹύʔςΟΫϧ૯਺͕มԽͯ͠΋࣭ྔอଘ͸อͨΕΔɽ
3.6.1 SlaveύʔςΟΫϧͷҐஔߋ৽
ਤ 3.1(a) ʹࣔͨ͠Α͏ʹɼάϦου͸ܭࢉۭؒશମʹܭࢉ఺Λ഑ஔ͢Δ͜ͱʹͳΔ͕ɼ
SlaveύʔςΟΫϧΛ༻͍Δ৔߹ʹ͸ਤ 3.6ʹࣔ͢Α͏ʹɼMasterύʔςΟΫϧͷಈ͖ʹ߹
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(a) SlaveύʔςΟΫϧͳ͠ (b) SlaveύʔςΟΫϧ͋Γ
ਤ 3.5: ࣮ࡍͷMasterύʔςΟΫϧ (੨)ͱ SlaveύʔςΟΫϧ (྘)ͷ༷ࢠ
ਤ 3.6: MasterύʔςΟΫϧ͕Ҡಈͨ͠Β SlaveύʔςΟΫϧ΋෇ਵͯ͠Ҡಈ͢Δྫ
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Θͤͯ SlaveύʔςΟΫϧΛҠಈͤ͞ΔɽSlaveύʔςΟΫϧΛ௥ैͤ͞ΔͨΊʹɼ·ͣɼࣜ
(3.9)ͰٻΊͨMasterύʔςΟΫϧͷ଎౓ vn+1j,m ͔ΒҎԼͷΑ͏ʹ SlaveύʔςΟΫϧͷ଎
౓ vn+1i,s ΛٻΊΔɽ
vn+1i,s =
1
mi,s
∑
j,m
mj,mv
n+1
j,m w(|xi,s − xj,m|, h) (3.58)
ٻΊͨ vn+1i,s ͔Β SlaveύʔςΟΫϧͷߋ৽ޙͷҐஔ xn+1i,s ΛҎԼͷΑ͏ʹͯ͠ٻΊΔɽ
xn+1i,s = x
n
i,s +Δtv
n+1
i,s (3.59)
3.6.2 SlaveύʔςΟΫϧͷ௥Ճ
஄઼ੑମͷಛ௃ͷͻͱͭͱͯ͠ɼ઼ੑมܗ࣌ʹ෺ମ͕෼཭ͨ͠Γݩͷܗঢ়ʹ΋ͲΕͳ͍΄
Ͳͷେ͖ͳมܗ͕͋Δ͜ͱ͕ڍ͛ΒΕΔɽύʔςΟΫϧεέʔϧͰݟΔͱɼਤ 3.7ͷΑ͏ʹ
MasterύʔςΟΫϧಉ͕࢜େ͖͘཭Εɼؒʹ͋Δ SlaveύʔςΟΫϧ͕ͲͪΒ͔ҰํͷΈʹ
௥ै͢ΔܗͰҠಈ͢Δɽ͜ͷͱ͖ɼSlaveύʔςΟΫϧ͕௥ै͠ͳ͔ͬͨํͷMasterύʔ
ςΟΫϧͰ SlaveύʔςΟΫϧͷෆ଍͕ੜ͡Δɽ
ਤ 3.7: ෼཭ͨ͠ͱ͖ʹɼࠨଆͷMasterύʔςΟΫϧʹ੺࿮Ͱғ·Εͨ SlaveύʔςΟΫ
ϧ͕௥ै͠ɼ੨࿮෦෼Ͱ SlaveύʔςΟΫϧͷෆ଍͕ൃੜ͢Δ
MasterύʔςΟΫϧͷ൒ܘ rmΛ༻͍ͯɼॳظঢ়ଶʹ͓͍ͯਤ 3.8(a)ͷΑ͏ʹ Slaveύʔ
ςΟΫϧΛத৺ͱͯ͠൒ܘ 2.5rm಺ʹؚ·ΕΔMasterύʔςΟΫϧΛྡ઀͢ΔMasterύʔ
ςΟΫϧͱͯ͠هԱ͓ͯ͘͠ɽਤ 3.8(b)ͷΑ͏ʹɼྡ઀͢ΔMasterύʔςΟΫϧ͕༗ޮ൒
ܘ 2hΑΓ΋཭Εͨͱ͖ɼSlaveύʔςΟΫϧͱ཭ΕͨMasterύʔςΟΫϧͱͷؒʹ৽ͨ
ʹ SlaveύʔςΟΫϧΛ௥Ճ͢Δ͜ͱͰɼ෼཭࣌ʹ SlaveύʔςΟΫϧ͕ෆ଍͢ΔͷΛ๷͙ɽ
͜͜Ͱͷ༗ޮ൒ܘ h͸ࣜ (3.3)ͷ hͱಉ͡Ͱ͋Δɽ཭Εͯ͠·ͬͨMasterύʔςΟΫϧͱ
SlaveύʔςΟΫϧͷͦΕͧΕͷҐஔΛ xmɼxsͱͨ͠ͱ͖ɼ৽ͨʹ௥Ճ͞ΕΔ Slaveύʔ
ςΟΫϧͷҐஔ xnews ͸ҎԼͷࣜͱͳΔɽ
xnews =
nxs +mxm
m+ n
(3.60)
͜ͷͱ͖ɼm > 0ɼn > 0ͱͳΔ೚ҙͷఆ਺Ͱ͋Δɽຊ࿦จதͷ࣮ݧͰ͸m = 2ɼn = 1ͱ
͍ͯ͠Δɽڑ཭ʹΑΔ৚݅ͷΈͰύʔςΟΫϧͷ௥ՃΛߦ͏৔߹ɼେ͖ͳมܗΛ൐͏஄ੑม
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2.5r
ajdacent master
(a)
2h
add slave
(b)
ਤ 3.8: (a)ྡ઀͢ΔMasterύʔςΟΫϧͷҐஔͱ (b)ྡ઀͢ΔMasterύʔςΟΫϧ͕༗
ޮ൒ܘ 2hΑΓ΋཭Εͨͱ͖ɼMasterύʔςΟΫϧʹ͍ۙҐஔʹ SlaveύʔςΟΫ
ϧΛ௥Ճ͢Δ
ܗγϛϡϨʔγϣϯ࣌ʹ΋ SlaveύʔςΟΫϧ͕௥Ճ͞ΕΔɽ஄ੑมܗͷ৔߹ʹ͸มܗޙʹ
ݩͷܗঢ়ʹ໭ΔͨΊɼݩʹ໭ͬͨͱ͖ʹ௥Ճͨ͠ SlaveύʔςΟΫϧ͕༨෼ʹͳΔɽͳͷͰɼ
௥Ճ͢ΔҐஔʹ͓͚Δ SlaveύʔςΟΫϧͷີ౓͕ɼॳظঢ়ଶʹ͓͚Δ࠷େ SlaveύʔςΟ
Ϋϧີ౓ΑΓ΋ߴ͍৔߹ʹ͸௥Ճ͠ͳ͍ͱ͍͏৚݅΋Ճ͑Δɽ
3.6.3 SlaveύʔςΟΫϧͷ࡟আ
஄઼ੑମͷ΋͏ͻͱͭͷಛ௃ͱͯ͠ɼ஄઼ੑମಉ࢜ͷ݁߹ݱ৅͕͋ΔɽύʔςΟΫϧ๏Λ
༻͍Δ͜ͱͰɼ෺ମͷزԿܗঢ়͕มԽͨ͠৔߹Ͱ΋෺ମͷߏ੒৘ใΛߋ৽͢ΔͳͲͷॲཧ͕
ෆཁͰ͋Δɽ͔͠͠ɼ෺ମ͕݁߹͢Δ৔߹ɼਤ 3.9ʹࣔ͢Α͏ʹMasterύʔςΟΫϧಉ࢜
͕ۙͮͨ͘Ίɼؒʹ͋Δ SlaveύʔςΟΫϧͷ਺͕ଟ͘ͳͬͯ͠·͏ɽ͜ΕΛ๷͙ͨΊʹɼ
֤ SlaveύʔςΟΫϧʹ͍ͭͯɼ༗ޮ൒ܘ 2h಺ͷ SlaveύʔςΟΫϧͱͷڑ཭͕ 0.15hΑΓ
খ͘͞ͳͬͨͱ͖ɼยํͷ SlaveύʔςΟΫϧΛ࡟আ͢Δɽ
ਤ 3.9: ੺࿮Ͱғ·Εͨ෦෼ͷ SlaveύʔςΟΫϧ͕աີʹͳ͍ͬͯΔ
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ୈ4ষ
݁Ռ
ຊষͰ͸ఏҊख๏Λ࣮૷͠ɼ͞·͟·ͳγʔϯͷͰ࣮ݧͨ݁͠Ռͱͦͷߟ࡯Λࣔ͢ɽ࣮ݧ
Λߦͬͨ؀ڥΛද 4.1ʹࣔ͢ɽϝογϡੜ੒ʹ͸OpenVDB[11]Λ࢖͍ɼMitsuba[8]ͰϨϯ
μϦϯάΛߦ͍ͬͯΔɽ
ද 4.1: ࣮ݧ؀ڥ
CPU Intel Corei7-4930K 3.40GHz
Memory 16GB
OS Microsoft Windows 7
։ൃݴޠ C++
άϥϑΟοΫεAPI OpenGL
4.1 ҆ఆੑͷݕূ
·ͣɼఏҊख๏ͷ҆ఆੑΛ͔֬ΊΔͨΊʹ SlaveύʔςΟΫϧͷ༗ແʹΑΔ҆ఆੑͷݕূ
͓ΑͼλΠϜεςοϓ෯ͷมԽʹΑΔ҆ఆੑͷݕূʹ͍࣮ͭͯݧΛߦͬͨɽSlaveύʔςΟΫ
ϧͳ͠ͷ৔߹͸ɼఏҊख๏ʹ͓͍ͯ SlaveύʔςΟΫϧͰܭࢉ͞ΕΔมܗܭࢉΛશͯMaster
ύʔςΟΫϧ͚ͩͰߦ͍ͬͯΔɽ
࣮ݧ؀ڥ
࣮ݧͰ࢖༻֤ͨ͠ύϥϝʔλΛද 4.2ʹࣔ͢ɽ࣮ݧͰ͸MasterύʔςΟΫϧ਺ 12582ݸɼ
SlaveύʔςΟΫϧ਺ 19260ݸͷόχʔܗঢ়ϞσϧΛ༻͍࣮ͯݧΛߦͬͨɽ
ද 4.2: ࣮ݧʹ͓͚Δ֤ύϥϝʔλ
ϙΞιϯൺ 0.35
Ϡϯά཰ [Pa] 1.2× 106
߱෬఺ θc 0.8
߱෬఺ θs 0.1
஄઼ੑมܗ͕ى͜Γɼ͔ͭݩͷܗঢ়͔Βେ͖͘มԽ͠ͳ͍Α͏ͳύϥϝʔλΛઃఆͨ͠ɽ
ϙΞιϯൺɾϠϯά཰ΛมԽͤ͞Δ͜ͱͰมܗ۩߹ͱมܗͨ͠ͱ͖ʹੜ͡ΔྗΛมԽͤ͞Δ
͜ͱ͕Ͱ͖ɼ߱෬఺ΛมԽͤ͞Δ͜ͱͰ஄ੑมܗ͔Β઼ੑมܗ΁ભҠͷλΠϛϯάΛมԽ͞
ͤΔ͜ͱ͕Ͱ͖Δɽ֤ύϥϝʔλΛมԽͤͨ͞৔߹ͷ݁Ռ͸ §4.2ɼ4.3ʹࣔ͢ɽ
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࣮ݧ݁Ռ
λΠϜεςοϓ෯Δt = 0.05× 10−3[sec]Ͱ SlaveύʔςΟΫϧͳ͠Ͱ࣮ݧΛߦͬͨ݁ՌΛਤ
4.1ʹࣔ͢ɽλΠϜεςοϓ෯Δt = 0.5× 10−3[sec]Ͱ SlaveύʔςΟΫϧ͋ΓͰ࣮ݧΛߦͬ
ͨ݁ՌΛਤ 4.2ʹࣔ͢ɽ֤ਤͷΩϟϓγϣϯʹࣔͨ͠਺஋ f ͸γϛϡϨʔγϣϯͷϑϨʔϜ
൪߸Λ͍ࣔͯ͠ΔɽਤதͰ੨Ͱඳըͨ͠ύʔςΟΫϧ͸MasterύʔςΟΫϧͰɼ྘Ͱඳը
ͨ͠ύʔςΟΫϧ͸ SlaveύʔςΟΫϧΛ͍ࣔͯ͠Δɽ
͞ΒʹSlaveύʔςΟΫϧʹΑΔ҆ఆੑΛ֬ೝ͢ΔͨΊʹλΠϜεςοϓ෯Λେ͖࣮ͯ͘͠
ݧΛߦͬͨɽਤ 4.3ʹλΠϜεςοϓ෯Δt = 0.5× 10−3[sec]͔ΒΔt = 0.9× 10−3[sec]·Ͱ
0.1× 10−3[sec]ࠁΈͰมԽͤͨ͞ͱ͖ͷ 360ϑϨʔϜ໨ͷ݁ՌΛࣔ͢ɽΔt = 0.5× 10−3[sec]
ͰಘΒΕͨඳը݁ՌΛج४ͱͯ͠ɼ΄͔ͷλΠϜεςοϓ෯Ͱͷ݁ՌΛൺֱ͢Δɽ
ߟ࡯
ਤ 4.1͔ΒΘ͔ΔΑ͏ʹɼSlaveύʔςΟΫϧͳ͠Ͱ͸ڥքͱিಥͨ͠௚ޙʹύʔςΟΫϧ
͕ 38ϑϨʔϜ͋ͨΓ͔Βൃࢄ࢝͠ΊͯɼγϛϡϨʔγϣϯ͕ഁ୼ͯ͠͠·͍ͬͯΔɽ͜Ε
͸ɼিಥʹΑΔมܗܭࢉ͕҆ఆ͍ͯ͠ͳ͍ͨΊʹى͍ͬͯ͜ΔɽҰํɼਤ 4.2͔ΒΘ͔ΔΑ
͏ʹɼSlaveύʔςΟΫϧ͋ΓͰ͸ɼSlaveύʔςΟΫϧͳ͠ʹൺ΂ͯλΠϜεςοϓ෯͕େ
͖͍ʹ΋͔͔ΘΒͣিಥޙ΋҆ఆͯ͠ܭࢉͰ͖͍ͯΔɽ͜ΕʹΑΓɼSlaveύʔςΟΫϧΛ
༻͍Δ͜ͱͰ҆ఆԽ͍ͯ͠Δ͜ͱ͕Θ͔Δɽ
λΠϜεςοϓ෯ʹΑΔ҆ఆੑͷมԽʹ͍ͭͯɼਤ 4.3(b)ʹࣔͨ͠Δt = 0.6× 10−3[sec]
ͷܭࢉ݁Ռ͸ਤ 4.3(a)ʹࣔͨ͠Δt = 0.5× 10−3[sec]ͷ݁Ռͱಉ౳ͷ݁Ռ͕ಘΒΕ͍ͯΔ͜
ͱ͕Θ͔Δɽ͔͠͠ɼਤ 4.3(c)͔Βਤ 4.3(e)ʹࣔͨ͠Δt = 0.7× 10−3ʙ0.9× 10−3[sec]ͷ
݁Ռʹ͸ਤ 4.4ʹࣔ͢Α͏ͳෆࣗવͳมܗ͕ੜͯ͡͠·͍ͬͯΔ͜ͱ͕Θ͔Δɽ͜Ε͸λΠ
Ϝεςοϓ෯͕େ͖͘ͳͬͨ͜ͱͰɼিಥ࣌ʹੜ͡Δিಥ໘ʹରͯ͠ਨ௚ͳྗ͕খ͘͞ͳΒ
ͳ͍ͨΊʹੜͯ͡͠·͍ͬͯΔͱߟ͑ΒΕΔɽ͜ͷ݁Ռ͔Β͜ͷ࣮ݧʹ༻͍ͨ৚݅ʹ͓͚Δ
࠷େλΠϜεςοϓ෯͸Δt = 0.6× 10−−3[sec]Ͱ͋Δͱ͍͑Δɽ
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(a) f = 1 (b) f = 20
(c) f = 35 (d) f = 38
(e) f = 39 (f) f = 40
ਤ 4.1: SlaveύʔςΟΫϧͳ͠ͷγϛϡϨʔγϣϯ݁Ռ
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(a) f = 1 (b) f = 30
(c) f = 60 (d) f = 90
(e) f = 120 (f) f = 150
ਤ 4.2: SlaveύʔςΟΫϧ͋ΓͷγϛϡϨʔγϣϯ݁Ռ
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(a) Δt = 0.5× 10−3
(b) Δt = 0.6× 10−3 (c) Δt = 0.7× 10−3
(d) Δt = 0.8× 10−3 (e) Δt = 0.9× 10−3
ਤ 4.3: λΠϜεςοϓ෯ʹΑΔ҆ఆੑͷൺֱ݁Ռ
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(a) Δt = 0.5× 10−3 (b) Δt = 0.7× 10−3
(c) Δt = 0.8× 10−3 (d) Δt = 0.9× 10−3
ਤ 4.4: Δt = 0.5×10−3[sec]Ͱ͸੺࿮Ͱғͬͨ෦෼Ͱੜ͍ͯ͡ͳ͍มܗ͕Δt = 0.7×10−3
͔ΒΔt = 0.9× 10−3[sec]Ͱ͸ੜ͍ͯ͡Δ
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4.2 ஄ੑମγϛϡϨʔγϣϯ
ఏҊख๏Ͱ͸߱෬఺ʹΑͬͯ஄ੑมܗ͔Β઼ੑมܗ΁ͷભҠΛߦ͍ͬͯΔɽ͜ͷ߱෬఺Λ
ઃఆ͠ͳ͍৔߹ (΋͘͠͸ඇৗʹେ͖ͳ஋ʹઃఆͨ͠৔߹)ɼ઼ੑมܗ΁ͷભҠ͕ߦΘΕͳ͍
ͷͰ஄ੑมܗ͕දݱͰ͖Δɽ·ͨɼ஄ੑมܗʹ͓͍ͯ΋ϙΞιϯൺͱϠϯά཰Λௐઅ͢Δ͜
ͱͰ෯޿͍஄ੑମදݱ͕ՄೳͰ͋ΔɽఏҊख๏ʹ͓͍֤ͯύϥϝʔλΛௐઅ͢Δ͜ͱͰ෯޿
͍஄ੑମදݱ͕ՄೳͰ͋Δ͜ͱΛ͔֬ΊΔͨΊʹ࣮ݧΛߦͬͨɽ
࣮ݧ؀ڥ
஄ੑମͷཱํମΛচʹམͱ͢γϛϡϨʔγϣϯΛߦ͏ɽཱํମ͸MasterύʔςΟΫϧ਺ 4096
ݸɼSlaveύʔςΟΫϧ਺ 6647ݸͰɼλΠϜεςοϓ෯͸ 0.001[sec]ͱ͢Δɽ஄ੑମγϛϡ
Ϩʔγϣϯʹ͓͚Δ֤ύϥϝʔλΛද 4.3ʹࣔ͢ɽ஄ੑମͳͷͰ߱෬఺͸ઃఆ͠ͳ͍ɽ
ද 4.3: ஄ੑมܗͷݕূ࣮ݧʹ͓͚Δ֤γϛϡϨʔγϣϯͷύϥϝʔλ
γϛϡϨʔγϣϯ ϙΞιϯൺ Ϡϯά཰ [Pa]
Soft Elastic (ਤ 4.5) 0.4 1.0× 106
Hard Elastic (ਤ 4.6) 0.3 6.9× 107
࣮ݧ݁Ռ
࣮ݧ݁ՌΛਤ 4.5ɼ4.6ʹࣔ͢ɽ֤ਤͷΩϟϓγϣϯʹࣔͨ͠਺஋ f ͸γϛϡϨʔγϣϯͷϑ
ϨʔϜ਺Λ͍ࣔͯ͠Δɽ֤γϛϡϨʔγϣϯͷ 240ϑϨʔϜ·Ͱͷܭࢉ࣌ؒͷฏۉΛද 4.4
ʹࣔ͢ɽ
ද 4.4: ֤γϛϡϨʔγϣϯͷฏۉܭࢉ࣌ؒ
γϛϡϨʔγϣϯ ฏۉܭࢉ࣌ؒ [sec/frame]
Soft Elastic (ਤ 4.5) 0.968
Hard Elastic (ਤ 4.6) 0.603
ߟ࡯
ਤ 4.5ɼ4.6͔ΒఏҊख๏ʹ͓͍ͯ஄ੑମදݱ͕ՄೳͰ͋ΔͱΘ͔Δɽਤ 4.5͔ΒΘ͔ΔΑ͏
ʹɼ΍ΘΒ͔͍஄ੑମ͸চͱিಥͯ͠େ͖͘มܗͨ͠ޙ (ਤ 4.5(c))ɼݩͷܗঢ়ʹ໭͍ͬͯΔ
(ਤ 4.5(d))ɽ·ͨɼਤ 4.6Ͱ͸ཱํମࣗମͷมܗ͸͋·Γ͠ͳ͍͕ɼচͱিಥͨ͠ޙඈͼ্
͕͍ͬͯΔɽ͜Ε͸εʔύʔϘʔϧͳͲͷߗ͍஄ੑମʹݟΒΕΔݱ৅ΛγϛϡϨʔγϣϯʹ
Αͬͯ࠶ݱͰ͖͍ͯΔ͜ͱΛ͍ࣔͯ͠Δɽ
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(a) f = 1 (b) f = 15 (c) f = 30 (d) f = 45
(e) f = 60 (f) f = 75 (g) f = 90 (h) f = 105
ਤ 4.5: Soft Elastic
(a) f = 1 (b) f = 15 (c) f = 30 (d) f = 45
(e) f = 60 (f) f = 75 (g) f = 90 (h) f = 105
ਤ 4.6: Hard Elastic
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4.3 ஄઼ੑମγϛϡϨʔγϣϯ
ఏҊख๏Ͱ͸ɼ߱෬఺ (θc, θs)ͷ஋ʹΑͬͯ஄ੑมܗ͔Β઼ੑมܗ΁ͷભҠΛߦ͏͜ͱͰ
஄઼มܗΛ࣮ݱ͢Δɽ߱෬఺ΛมԽͤ͞Δ͜ͱͰ͞·͟·ͳ஄઼ੑมܗ͕ՄೳͰ͋ΔɽఏҊ
ख๏ʹ͓͍ͯ߱෬఺ θcɼθsΛௐઅ͢Δ͜ͱͰɼ͞·͟·ͳ஄઼ମදݱ͕ՄೳͰ͋Δ͜ͱΛ
͔֬ΊΔͨΊʹ࣮ݧΛߦͬͨɽ
࣮ݧ؀ڥ
§4.2ͱಉ༷ʹ஄઼ੑମͷཱํମΛচʹམͱ͢γϛϡϨʔγϣϯΛߦ͏ɽཱํମ͸Masterύʔ
ςΟΫϧ਺ 4096ݸɼSlaveύʔςΟΫϧ਺ 6647ݸɼγϛϡϨʔγϣϯͷλΠϜεςοϓ෯
͸ 0.001[sec]ʹઃఆ͍ͯ͠Δɽ஄઼ੑମγϛϡϨʔγϣϯʹ͓͚Δ֤ύϥϝʔλΛද 4.5ʹ
ࣔ͢ɽ
ද 4.5: ஄઼ੑมܗͷݕূ࣮ݧʹ͓͚Δ֤γϛϡϨʔγϣϯͷύϥϝʔλ
γϛϡϨʔγϣϯ ϙΞιϯൺ Ϡϯά཰ [Pa] ߱෬఺ θc ߱෬఺ θs
Low Plastic (ਤ 4.7) 0.2 1.4× 105 2.5× 10−2 4.5× 10−3
High Plastic (ਤ 4.8) 0.2 1.4× 105 2.5× 10−3 7.5× 10−4
࣮ݧ݁Ռ
࣮ݧ݁ՌΛਤ 4.7ɼ4.8ʹࣔ͢ɽ֤ਤͷΩϟϓγϣϯʹࣔͨ͠਺஋ f ͸γϛϡϨʔγϣϯͷϑ
ϨʔϜ਺Λ͍ࣔͯ͠Δɽ֤γϛϡϨʔγϣϯͷ 360ϑϨʔϜ·Ͱͷܭࢉ࣌ؒͷฏۉΛද 4.6
ʹࣔ͢ɽ
ද 4.6: ֤γϛϡϨʔγϣϯͷฏۉܭࢉ࣌ؒ
γϛϡϨʔγϣϯ ฏۉܭࢉ࣌ؒ [sec/frame]
Low Plastic (ਤ 4.7) 0.628
High Plastic (ਤ 4.8) 0.874
ߟ࡯
ਤ 4.7͸߱෬఺Λେ͖͘ઃఆͨ͠ͷͰɼݩͷܗঢ়͕Θ͔Βͳ͘ͳΔ΄Ͳͷ઼ੑมܗ͸ى͜Β
ͣɼߗ͍೪౔ͷΑ͏ͳදݱ͕Ͱ͖ΔɽҰํɼਤ 4.8͸߱෬఺Λখ͘͞ઃఆ͍ͯ͠ΔͷͰɼେ
઼͖͘ੑมܗ͠ɼਤ 4.7ͱൺ΂Δͱݩͷܗঢ়Λ΄ͱΜͲ࢒͍ͯ͠ͳ͍͜ͱ͕Θ͔Δɽ͜ͷ͜
ͱ͔ΒɼఏҊख๏ʹ͓͍ͯ߱෬఺Λௐઅ͢Δ͜ͱͰ෯޿͍஄઼ੑมܗ͕ՄೳͰ͋Δͱ͍͑Δɽ
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(a) f = 1 (b) f = 20 (c) f = 40 (d) f = 60
(e) f = 80 (f) f = 100 (g) f = 120 (h) f = 140
ਤ 4.7: Low Plastic
(a) f = 1 (b) f = 20 (c) f = 40 (d) f = 60
(e) f = 80 (f) f = 100 (g) f = 120 (h) f = 140
ਤ 4.8: High Plastic
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4.4 ͞·͟·ͳදݱΛؚΉ஄઼ੑମγϛϡϨʔγϣϯ
§4.3ͰఏҊख๏ʹ͓͍ͯ෯޿͍஄઼ੑมܗදݱ͕ՄೳͰ͋Δ͜ͱ͕͔֬ΊΒΕͨɽ͔͠
͠ɼ§4.2ɼ4.3Ͱ͸ཱํମͱ͍͏جຊܗঢ়Ͱ͔࣮͠ݧΛߦ͍ͬͯͳ͍ɽΑΓෳࡶͳܗঢ়ʹ͓
͍ͯɼ஄ੑมܗ͓Αͼ஄઼ੑมܗ͕ՄೳͰ͋Δ͔͔֬ΊΔͨΊʹ࣮ݧΛߦ͏ɽͦͯ͠ɼ෺ମ
ͷ෼཭ɾ݁߹͕ൃੜ͢ΔΑ͏ͳγʔϯͰ΋ఏҊख๏ͰදݱՄೳͰ͋Δ͜ͱΛࣔ͢ɽ
4.4.1 ෳࡶͳܗঢ়ͷϞσϧΛ༻͍ͨγϛϡϨʔγϣϯ
࣮ݧ؀ڥ
ෳࡶͳܗঢ়ͷ෺ମͰ΋஄ੑɾ஄઼ੑมܗදݱ͕ՄೳͰ͋Δ͔Ͳ͏͔Λ͔֬ΊΔͨΊʹɼΞϧ
Ϛδϩܗঢ়ͷϙϦΰϯϞσϧΛ༻͍࣮ͯݧΛߦͬͨɽMasterύʔςΟΫϧ਺ 11161ݸɼSlave
ύʔςΟΫϧ਺ 20242ݸɼλΠϜεςοϓ෯ 0.5 × 10−3[sec]ͱͨ͠ɽ࣮ݧͰ༻͍֤ͨύϥ
ϝʔλΛද 4.7ʹࣔ͢ɽ
ද 4.7: ΞϧϚδϩϞσϧΛ༻͍ͨγϛϡϨʔγϣϯͷύϥϝʔλ
γϛϡϨʔγϣϯ ϙΞιϯൺ Ϡϯά཰ [Pa] ߱෬఺ θc ߱෬఺ θs
Elastic Armadillo (ਤ 4.9) 0.35 5.0× 107 ͳ͠ ͳ͠
Elastoplastic Armadillo (ਤ 4.10) 0.25 5.0× 105 0.05 0.5
࣮ݧ݁Ռ
࣮ݧ݁ՌΛਤ 4.9ɼ4.10ʹࣔ͢ɽ֤ਤͷΩϟϓγϣϯʹࣔͨ͠਺஋ f ͸γϛϡϨʔγϣϯͷ
ϑϨʔϜ਺Λ͍ࣔͯ͠Δɽ֤γϛϡϨʔγϣϯͷ 360ϑϨʔϜ·Ͱͷܭࢉ࣌ؒͷฏۉΛද
4.8ʹࣔ͢ɽ
ද 4.8: ֤γϛϡϨʔγϣϯͷฏۉܭࢉ࣌ؒ
γϛϡϨʔγϣϯ ฏۉܭࢉ࣌ؒ [sec/frame]
Elastic Armadillo (ਤ 4.9) 2.37
Elastoplastic Armadillo (ਤ 4.10) 2.98
ߟ࡯
ਤ 4.9͔ΒɼఏҊख๏Ͱ͸ɼෳࡶͳܗঢ়ͷ෺ମʹ͓͍ͯ΋ɼมܗޙʹݩͷܗঢ়ʹ໭Δ஄ੑม
ܗͷදݱ͕҆ఆͯ͠ܭࢉͰ͖Δ͜ͱ͕Θ͔Δɽ·ͨɼਤ 4.10͔Βɼݩͷܗঢ়Λ΄ͱΜͲ࢒
͞ͳ͍΄Ͳ઼ੑมܗͯ͠΋҆ఆͯ͠ܭࢉ͢Δ͜ͱ͕Ͱ͖Δ͜ͱ͕Θ͔Δɽ
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(a) f = 1 (b) f = 24
(c) f = 48 (d) f = 72
(e) f = 96 (f) f = 120
(g) f = 144 (h) f = 168
ਤ 4.9: Elastic Armadillo
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(a) f = 1 (b) f = 24
(c) f = 48 (d) f = 72
(e) f = 96 (f) f = 120
(g) f = 144 (h) f = 168
ਤ 4.10: Elastoplastic Armadillo
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4.4.2 ෼཭ɾ݁߹Λ൐͏γʔϯͷγϛϡϨʔγϣϯ
࣮ݧ؀ڥ
෼཭ɾ݁߹දݱΛ͔֬ΊΔͨΊʹҎԼʹࣔ͢ 3ͭͷγʔϯͰ࣮ݧΛߦ͏ɽ֤γʔϯͷύϥ
ϝʔλΛද 4.9ʹࣔ͢ɽ
γʔϯ̍
ൺֱతബ͍෺ମΛো֐෺ʹিಥͤ͞ΔɽҰఆͷମੵΛ࣋ͨͳ͍෺ମʹ͍ͭͯ΋෼཭ɾ݁
߹Λ൐͏γʔϯͷγϛϡϨʔγϣϯՄೳͰ͋Δ͜ͱΛ͔֬ΊΔɽMasterύʔςΟΫϧ
਺ 5547ݸɼSlaveύʔςΟΫϧ਺ 12320ݸͰɼλΠϜεςοϓ෯Δt = 0.5× 10−3[sec]
Ͱ͋Δɽ
γʔϯ̎
όχʔܗঢ়ͷϞσϧͱো֐෺Λিಥͤ͞Δɽෳࡶͳܗঢ়Ͱ΋෼཭දݱ͕ՄೳͰ͋Δ͜
ͱΛࣔ͢ɽ·ͨɼύϥϝʔλΛม͑ͯ෼཭දݱʹ͓͍ͯ΋෯޿͍දݱ͕ՄೳͰ͋Δ͜
ͱ΋ࣔ͢ɽMasterύʔςΟΫϧ਺ 11161ݸɼSlaveύʔςΟΫϧ਺ 20242ݸͰɼλΠ
Ϝεςοϓ෯Δt = 0.5× 10−3[sec]Ͱ͋Δɽ
γʔϯ̏
όχʔܗঢ়Ϟσϧಉ࢜Λিಥͤ͞Δɽෳࡶͳܗঢ়Ͱ݁߹දݱ͕ՄೳͰ͋Δ͜ͱɼෳ਺ͷ஄
઼ੑମಉ࢜ͷ݁߹͕ੜͯ͡΋҆ఆͨ͠ܭࢉ͕ՄೳͰ͋Δ͜ͱΛࣔ͢ɽMasterύʔςΟΫ
ϧ਺12582ݸɼSlaveύʔςΟΫϧ਺19260ݸͰɼλΠϜεςοϓ෯Δt = 0.5×10−3[sec]
Ͱ͋Δɽ
ද 4.9: ֤γʔϯͷύϥϝʔλ
γʔϯ ϙΞιϯൺ Ϡϯά཰ [Pa] ߱෬఺ θc ߱෬఺ θs
γʔϯ 1 (ਤ 4.11) 0.4 2.0× 107 2.5× 10−3 7.5× 10−4
γʔϯ 2 : Low Plastic (ਤ 4.12) 0.25 1.2× 106 0.75 0.1
γʔϯ 2 : High Plastic (ਤ 4.13) 0.45 2.0× 105 0.2 0.05
γʔϯ 3 (ਤ 4.14) 0.35 1.2× 106 0.8 0.1
࣮ݧ݁Ռ
֤γʔϯͷ࣮ݧ݁ՌΛਤ 4.11͔Βਤ 4.14ʹࣔ͢ɽ֤ਤͷΩϟϓγϣϯʹࣔͨ͠਺஋ f ͸γ
ϛϡϨʔγϣϯͷϑϨʔϜ਺Λ͍ࣔͯ͠Δɽ֤γʔϯͷฏۉܭࢉ࣌ؒΛද 4.10ʹࣔ͢ɽ
ද 4.10: ֤γʔϯͷฏۉܭࢉ࣌ؒ
γʔϯ ฏۉܭࢉ࣌ؒ [sec/frame]
γʔϯ 1 (ਤ 4.11) 1.264
γʔϯ 2 : Low Plastic (ਤ 4.12) 7.028
γʔϯ 2 : High Plastic (ਤ 4.13) 4.649
γʔϯ 3 (ਤ 4.14) 10.909
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ߟ࡯
ਤ 4.11͔ΒɼఏҊख๏ʹ͓͍ͯɼ෼཭ɾ݁߹Λ൐͏γʔϯͰ΋ൺֱతബ͍෺ମΛγϛϡϨʔ
γϣϯ͢Δ͜ͱ͕ՄೳͰ͋Δ͜ͱ͕Θ͔ΔɽিಥʹΑͬͯ෺ମ͕෼཭͠ (ਤ 4.11(d),4.11(e))ɼ
·ͨ෼཭ޙʹ෼཭ͨ͠෺ମಉ͕࢜݁߹ (ਤ 4.11(f),4.11(g))ͯ͠΋҆ఆͯ͠γϛϡϨʔγϣϯ
͕ߦ͑Δ͜ͱ͕͔֬ΊΒΕͨɽ͜ͷγʔϯͰ͸ɼఏҊख๏ʹ͓͍ͯઌߦݚڀͰѻ͑ͳ͔ͬͨ
ҰఆͷମੵΛ࣋ͨͳ͍෺ମʹγϛϡϨʔγϣϯΛߦ͑Δ͜ͱɼ؆୯ͳܗঢ়ͷ෺ମͷ෼཭ɾ݁
߹දݱ͕ՄೳͰ͋Δ͜ͱ͕Θ͔Δɽ
ਤ 4.12ɼ4.13͸ɼγʔϯ̎ͷͦΕͧΕͷ࣮ݧ݁ՌΛ͍ࣔͯ͠Δɽਤ 4.12ʹࣔ͢Α͏ʹɼ߱
෬఺͕େ͖͍஄઼ੑମ͸িಥޙʹ෼཭ͯ͠΋ݩͷܗঢ়͕͋Δఔ౓Θ͔Δ͕ɼ߱෬఺͕খ͍͞
஄઼ੑମͰ͸෼཭ޙʹݩͷܗঢ়͕Θ͔Βͳ͍΄Ͳ઼ੑมܗ͍ͯ͠Δ (ਤ 4.13)ɽ͜Ε͸ §4.3
Ͱࣔͨ݁͠ՌͱҰக͢Δɽ͜ͷ͜ͱ͔ΒɼఏҊख๏Ͱ͸ෳࡶͳܗঢ়ͷ෺ମʹରͯ͠΋෼཭ද
ݱΛ൐͏஄઼ੑମγϛϡϨʔγϣϯ͕ՄೳͰ͋Δ͜ͱ͕Θ͔Δɽ
ਤ 4.14͔ΒɼఏҊख๏ʹ͓͍ͯɼෳ਺ͳܗঢ়ͷ෺ମಉ࢜ͷ݁߹දݱ͕ՄೳͰ͋Δ͜ͱ͕
͔֬ΊΒΕͨɽෳ਺ͷ෺ମΛॏͶΔΑ͏ʹམԼͤ͞Δͱɼচͱিಥ͠௓ͶฦΔ෺ମͱམԼ͠
ͯ͘Δ෺ମͷؒͰܭࢉ͕ෆ҆ఆʹͳΓ΍͍͢ɽఏҊख๏Ͱ͸ɼॏͳΔΦϒδΣΫτؒʹ͋Δ
SlaveύʔςΟΫϧΛ࡟আ͠ɼؒʹ͋Δ SlaveύʔςΟΫϧΛ 1૚ʹ͢Δ͜ͱͰ݁߹ॲཧΛ
ߦ͍ͬͯΔɽ݁߹ॲཧʹΑΓ஄઼ੑମͷͬͭ͘͘ੑ࣭ΛγϛϡϨʔγϣϯ͠ɼ͔ͭɼ҆ఆੑ
΋ߴΊ͍ͯΔɽ
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(a) f = 1 (b) f = 24
(c) f = 48 (d) f = 72
(e) f = 96 (f) f = 120
(g) f = 144 (h) f = 168
ਤ 4.11: γʔϯ 1
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(a) f = 1 (b) f = 25
(c) f = 50 (d) f = 75
(e) f = 100 (f) f = 125
(g) f = 150 (h) f = 175
ਤ 4.12: γʔϯ 2 : Low Plastic
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(a) f = 1 (b) f = 25
(c) f = 50 (d) f = 75
(e) f = 100 (f) f = 125
(g) f = 150 (h) f = 175
ਤ 4.13: γʔϯ 2 : High Plastic
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(a) f = 1 (b) f = 35
(c) f = 70 (d) f = 105
(e) f = 140 (f) f = 175
(g) f = 210 (h) f = 245
ਤ 4.14: γʔϯ 3
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݁࿦
ຊ࿦จͰ͸ɼSlaveύʔςΟΫϧΛ༻͍ͨ஄઼ੑମγϛϡϨʔγϣϯख๏ΛఏҊͨ͠ɽύʔ
ςΟΫϧ๏ͷΈͰ஄઼ମγϛϡϨʔγϣϯΛ࣮ݱ͢ΔͨΊʹɼԠྗܭࢉ఺ͱͯ͠ Slaveύʔ
ςΟΫϧΛಋೖͨ͠ɽSlaveύʔςΟΫϧ͸ɼ෺࣭Λߏ੒͢ΔύʔςΟΫϧ (MasterύʔςΟ
Ϋϧ)ͱ͸ҟͳΓ࣭ྔΛ΋ͨͣɼMasterύʔςΟΫϧʹ෇ਵ͢ΔύʔςΟΫϧͰ͋ΔɽSlave
ύʔςΟΫϧΛ༻͍ͯMasterύʔςΟΫϧͱ͸ҟͳΔҐஔͰมܗʹΑͬͯੜ͡Δྗ͓Αͼ
଎౓Λܭࢉ͢Δ͜ͱͰɼάϦου๏ͱ૊Έ߹Θͤͨ৔߹ͱಉ༷ʹθϩΤωϧΪʔϞʔυΛ๷
͗ɼ஄઼ੑମͷΑ͏ͳෳࡶͳมܗܭࢉΛύʔςΟΫϧ๏ͷΈͰ҆ఆͯ͠ܭࢉ͢Δ͜ͱ͕Մೳ
ͱͳͬͨɽύʔςΟΫϧ๏ͷΈͰ҆ఆܭࢉ͢ΔͨΊͷैདྷݚڀͰ࣮ݱ͞Ε͍ͯͳ͔ͬͨ෼཭
΍݁߹ͱ͍ͬͨ஄઼ੑମͷಛ௃ͱ͍͑Δදݱ΋ɼSlaveύʔςΟΫϧΛ௥Ճɾ࡟আ͢Δॲཧ
ํ๏ΛఏҊ͢Δ͜ͱͰՄೳͱͨ͠ɽ·ͨɼ࣮ݧ݁Ռ͔ΒɼఏҊख๏Λ༻͍Δ͜ͱͰύʔςΟ
ΫϧͷΈͰ෯޿͍஄઼ੑମγϛϡϨʔγϣϯ͕ՄೳͰ͋Δ͜ͱ͕Θ͔ͬͨɽ෺ମͷܗঢ়ʹΑ
Βͣ෼཭ɾ݁߹දݱ͕࣮ݱͰ͖ɼຊख๏ͷ༗༻ੑΛ֬ೝͨ͠ɽ
ࠓޙͷൃలͱͯ͠͸ܭࢉ࣌ؒͷ୹ॖ͕ڍ͛ΒΕΔɽάϦουͷ৔߹ʹ͸ܭࢉۭؒ಺ʹҰఆ
ͷִؒͰܭࢉ఺͕഑ஔ͞Εɼ͜ͷִؒ͸௨ৗɼύʔςΟΫϧͷִؒΑΓ΋޿͍ɽSlaveύʔ
ςΟΫϧͷ৔߹Ͱ͸ɼMasterύʔςΟΫϧͱಉִؒ͡Ͱ഑ஔ͢ΔͨΊɼάϦουΛ༻͍ͨ
৔߹ΑΓ΋ܭࢉ఺͕૿Ճ͍ͯ͠Δ͕ɼύʔςΟΫϧͰ͋ΔͨΊʹܭࢉۭؒΛ੍ݶ͞Εͳ͘ͳ
Δͱ͍͏ར఺͕͋ΓɼఏҊख๏Ͱ͸ͪ͜ΒΛ༏ઌͨ͠ɽͦͷ݁ՌɼఏҊख๏͸جຊܗঢ়ʹ͓
͍ͯ΋ 1ඵۙ͘ɼෳࡶͳܗঢ়ͰΦϒδΣΫτ਺͕૿͑Δͱ 10ඵۙ͘ܭࢉ͕͔͔࣌ؒͬͯ͠
·͍ͬͯΔɽܭࢉ͕͔͔͍࣌ؒͬͯΔ෦෼͸ɼઢܗγεςϜͷܭࢉ෦෼ͱ SlaveύʔςΟΫ
ϧͷ௥Ճɾ࡟আͷ෦෼Ͱ͋ΔɽಛʹɼઢܗγεςϜͷܭࢉ෦෼͸ܭࢉ࣌ؒશମͷ 8ׂΛ઎Ί
͍ͯͯɼGPUʹΑΔฒྻܭࢉʹΑΓߴ଎Խ͢Δ͜ͱͰɼैདྷख๏ͱಉఔ౓ͷߴ଎Խ͕Մೳ
Ͱ͋Δͱߟ͍͑ͯΔɽSlaveύʔςΟΫϧͷ௥Ճɾ࡟আʹ͓͍ͯ΋ɼݱࡏͰ͸ຖεςοϓશ
ύʔςΟΫϧʹରͯ͠ॲཧ͕ඞཁ͔Ͳ͏͔ͷνΣοΫΛߦ͍ͬͯΔɽ௥Ճɾ࡟আॲཧνΣο
Ϋͷલʹ͋Β͔͡Ίɼมܗྔ΍MasterύʔςΟΫϧͷҠಈྔΛܭࢉ͠ɼ͜ΕΒͷ஋Λ༻͍
ͯہॴతʹ௥Ճɾ࡟আ͕ඞཁ͔Ͳ͏͔͕൑அͰ͖ΔΑ͏ʹ͢Δ͜ͱͰɼܭࢉ࣌ؒͷ୹ॖ͕Մ
ೳͰ͋Δͱߟ͍͑ͯΔɽ
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ຊݚڀΛਐΊΔʹ͋ͨΓɼଟذʹΘͨΓஸೡʹ͝ࢦಋ͍͍ͨͩͨ౻ᖒ੣ॿڭʹਂ͘ײँ͍
ͨ͠·͢ɽ·ͨɼݚڀʹ͍ͭͯوॏͳ͝ҙݟΛࣀΓ·ͨ͠ࡾՏਖ਼඙।ڭतʹײँக͠·͢ɽ
࠷ޙʹɼθϛ΍ݚڀࣨͷ৔Ͱଟ͘ͷ͝ࢦఠΛ͍͍ͨͩͨ஌ೳϩϘοτݚڀࣨɼ෺ཧϕʔεί
ϯϐϡʔλάϥϑΟοΫεݚڀࣨͷօ༷ʹޚྱਃ্͛͠·͢ɽ
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